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The primary purpose of this investigation was a parame­
tric study of scaled 3/4-inch rotary drag bits.
The system parameters affecting rotary drilling perform­
ance (thrust, rpm, flushing agents and rates of flushing) 
were varied and evaluations made of their effects on pene­
tration rates. Thrust and rpm were found to have an approxi­
mate linear relation to penetration rates. Air and water 
flushings were found to have a very critical effect at low 
quantities but little effect when large amounts were used.
The drilling was performed in seven different rock 
types. The effects of rock properties on penetration rates 
were evaluated. Four rock engineering properties; compres­
sive strength, Young1s modules, Shore hardness, and Schmidt 
hammer values were determined for each rock type. All physi­
cal properties except Schmidt hammer values were found to 
have good correlation to penetration rates.
Wear rates for the 6%- and 10%-cobalt alloy carbide 
rotary drag bits were determined by three techniques; 
weight loss, penetration rate loss, and cutting edge pro­
file loss, to determine the reliability of each. Penetra­
tion rate loss was found to be the most informative of the 
three.
A preliminary study of the performance of a new dia-
iii
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mond composite insert was also performed. It was found that 
this bit is far superior to carbide bits in wear resistance. 
A slight decrease in drilling rates for the cutting edge 
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\Considerable attention has been devoted to improving 
drilling performances and efficiencies. The successful per­
formance and economy of a drilling operation depend on many 
factors. Factors that influence the drilling process can be 
grouped into three basic areas:
1) Operating parameters ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
2) Rock properties GOLDEN, COLORADO 80401
3) Bit design
The operating parameters are usually the first to be 
related to the drilling process and can be easily controlled. 
Included in the operating parameters are: thrust, rpm, flush­
ing, and torque.
Of all the factors affecting drilling, the most diffi­
cult to model or control are the physical properties of the 
rock being drilled. Factors in this group are numerous and 
include such properties as density, fractures, porosity, com­
pressive strength, mineral composition and grain size.
The last group of parameters associated with the drill­
ing process involve bit design. Included in bit design are 
composition and geometry of the drill bit cutting edge.
Operating parameters of the drilling operation and the 
physical properties of the rock being drilled determine bit 
type and design. The strength and abrasiveness of the rock af-
1
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feet the composition and strength of the cutting edge. Bit 
geometry must also produce the best possible cutting action
Nand yet withstand the operational parameters.
All three groups of factors affecting the drilling pro­
cess must be combined to produce the best possible drilling 
performance. These factors apply to all forms of mechanical 
rock drilling.
Measurements of important drilling parameters during 
underground tests have proven unfeasible due to variability 
in drilling conditions, harsh working environment, accessi­
bility to the work area, inadequacy of required measuring 
equipment, lack of equipment control, etc. These problems 
are well known to those who have attempted comprehensive 
underground evaluations of drilling tools and/or equipment. 
Consequently, a precisely controlled laboratory drilling 
test program involving characteristics similar to those in 
the underground environment should provide information to 
evaluate and improve drilling performance.
The drilling system parameters and their effect on 
rotary drag bit drilling performance were studied in this 
investigation using 3/4-inch drag bits. Conclusions 
drawn based on these tests will aid in understanding 
the drilling process and lead to improved rotary drilling 
techniques.
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II. DISCUSSION OF THE PROBLEM
A. STATEMENT OF THE PROBLEM
The primary purpose of this study was to examine rotary 
(drag bit) drilling using scaled 3/4-inch bits. Specific 
objectives to the investigation were as follows:
1) To study the effects of drilling-system parameters
on penetration rates. The parameters of thrust, rpm, 
flushing agents, and the quantities of flushing were 
varied and the effects analyzed.
2) To study the influence of rock engineering proper­
ties on penetration rates. Specific physical tests 
were performed on seven rock types and correlated 
with drilling rates.
3) To test different wear-rate measuring techniques
and to evaluate the effectiveness of each. Three 
techniques were studied: change in penetration rates;
bit weight loss; and change in cutting edge profile area.
4) To test and compare two different grades of cemented 
tungsten carbide inserts, one containing 1 0 % cobalt 
and the other 6% cobalt by weight.
5) To test 180° and 360° COMPAX diamond bits developed by
Carboloy System Department, a division of General Elec­
tric. These bits were compared with conventional car­
bide bits having similar cutting edges of 6% and 1 0% 
cobalt by weight.
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B, SCOPE OF STUDY
xIn order to study the effects of drilling-system para­
meters on penetration rates, each parameter was varied over 
a wide range of values while keeping all other parameters 
constant. Axial thrust loads were tested at levels rang­
ing from zero to 1500 lbs in Yule Marble and Leadville Lime­
stone using both water and air as flushing agents. Rota­
tion and thrust were maintained at 500 rpm and 500 lbs re­
spectively.
To test the effects of flushing rates on penetration, 
flow rates were varied from zero to 4 gpm for water and from 
zero to 9 cfm for air. Penetration rates were measured with 
constant 500 lbs thrust and 500 rpm. These tests were con­
ducted in Yule Marble using one bit with a 10% cobalt car­
bide insert.
Four engineering physical properties, Schmidt impact 
hammer, Shore scleroscope hardness, uniaxial compressive 
strength, and Young's modulus, were measured on each of the 
seven rock types tested. Each rock type was subsequently 
drilled at 500 lbs thrust, 500 rpm, and with 4 cfm air 
flushing and penetration rates determined. From this the 
effects of physical properties on rotary drilling were 
evaluated.
To study wear measuring techniques, all rock types were 
drilled at 500 lbs thrust and 500 rpm with both 6% and 10%
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cobalt carbine inserts. Ten, 4-inch deep holes were drilled 
in each rock type, and penetration times were taken over the 
final three inches of each hole. Weights and profiles were 
obtained for each bit, before drilling, after three holes, 
after 5 holes, and at the end of 10 holes.
Two types of diamond-composite bit inserts were tested 
in Yule Marble and Leadville Limestone, Eleven 180° and 
seven 360° COMPAX bits were used and only visible inspec­
tion of wear was made.
C. ROCK FAILURE DUE TO ROTARY DRAG BITS
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Although the nomenclature may vary between different indus­
tries and manufacturers, that illustrated in Fig. 1 is gener­
isally accepted.
1. Static Failure
Rotary drilling results in three basic types of rock 
failure: shearing, tensile fracture, and crushing. When
presented as models at the cutting edge during the drilling 
process, they present an explanation to some of the observed 
phenomena in rotary drilling. Data and observations made by 
authors in the past offer support for these theories. Each 
model can only represent an idealized condition or a speci­
fic observation, not the complete actual rock failure pro­
cess. With these observations, however, the models can be 
used to draw conclusions regarding the rotary drilling pro­
cess.
The first model chosen to represent the physical situ­
ation encountered by a drag bit cutting edge is shown sche­
matically in Fig. 2a. The direction of movement of the bit 
blade is from left to right and the thrust is vertical. It 
is assumed that the clearance angle is such that frictional 
drag or crushing under the bit can be neglected and a rake 
angle of zero degrees is used. As the blade advances, stress 
builds up in the rock ahead of the bit until a chip develops, 
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Figure 2c
CHIP DEVELOPMENT IN DRAG BIT DRILLING
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the dotted line in Fig. 2a, where 0 is the angle the shear
plane makes with the surface. Two factors control the size
\and shape of the chip formed. One is the depth of penetra­
tion (d), which must be large enough so the front surface 
of the bit can build up stress. Chip size increases with 
increases in (d) and results in lower specific energy for 
the rock removed. The specific energy is a measure of 
cutting efficiencies and is defined as the work done in 
excavating a unit volume or mass of rock. The other in­
fluencing factor on chip size is the angle (0) which change 
the area of the plane of failure. The angle 0 is a charac­
teristic of the rock type and depends on the coefficient of 
internal friction of the rock.
Assuming the chip was formed by pure shear and the 
Coulomb-Navier theory of failure applied, the angle 0 and 
the forces involved can be resolved. In this theory, the 
stress needed to rupture the rock must be great enough to 
overcome the shear stress (t ) and the internal friction 
forces (ycr) at the plane of failure, therefore,
stress = t + ya
Where:
t = shear stress,
y = coefficient of internal friction 
and o = normal stress on shear plane.
If the principle stress is parallel to the surface, then 
the angle 0 will be (tan  ̂ l/y)/2 , and the force present
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at failure is F = iI§-? (t + yo)X, where X is the width of 
the cut. This assumes X is large in comparison to d and 
side forces^can be neglected.
The second type of rock failure found in drag bit drill­
ing, tensile fracturing, occurs mainly in medium hard to soft 
rock drilling with bits that have large rake angfelfs. In coal 
mechanics, tensile fracturing is more commonly called coal 
ploughing or cutting. In the drilling process, the tensile 
strength of the rock is overcome and the bit acts as a pick 
and splits the chip out, as in Fig. 2b. Only a small surface 
of the bit is in contact with the rock surface during failure. 
The failure surface is not planar, as was found with shearing, 
but instead is curvilinear. A crack develops ahead of the tip 
and runs out and up to the rock surface, relieving the strain.
Fig. 2b is the idealized tensile fracturing suggested 
by Evans (1962) for coal cutting. In Evan's theory, it is 
assumed that the arc of failure is circular and tangential 
to the wedged tip. From this, he found the force on the 
wedge in the direction of cutting and at the instant of 
failure to be:
F  = 2 t  wd sin^s (tt/ 2 - a)
1 - sinJ$ (tt/2 - a)
Where:
t = tensile strength of rock, 
w = width of wedge, 
d = depth of cut, and
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a = wedge rake angle.
This equation is the simplified outcome of detailed analyses 
that assumed the distance of penetration by the tip is small 
compared to the depth of the cut, d.
Roxborough (1973) showed that Evans' theory on the basic 
mechanics of Coal cutting was equally relevant to the cutting 
of three quite distinctive sedimentary rocks: anhydrite,
limestone, and sandstone. In fact, Roxborough's results were 
much closer to Evans' theory than the work done in coal.
Since rock is relatively weak in tension, the specific 
energy of the cutting is relatively low. Over a limited 
range, the forces required for failure are independent of 
the cut depth. The specific energy can be generalized as
being inversely proportional to the cut depth, d. In deep
cuts, the side effects or "breakout" must also be considered. 
Roxborough hypothesized that the specific energy would then 
be:
_ Fc'
” wd + d 2 tan 0
Where:
Fc' = mean peak cutting force for deep 
cuts effected by breakout,
0 = breakout angle,
w = width of wedge, and
d = depth of cut.
The third physical process observed in' rotary drilling, 
crushing, occurs in front of the bit where too small a sur-
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face area is in contact with the rock. The forces involved
are too large for the loaded area of rock and the compres-
\
sive strength of the rock is overcome. Crushing takes place 
on the underside of the rounded tip, (see Fig. 2c) and be­
neath the bottom surface of the bit. Most of the bottom 
bit surface bears the thrust load, with resulting rock 
crushing and subsequent wear on this portion of the bit. In 
soft rock a sharp tip can be maintained and very little crush­
ing takes place. In harder formations, blunting of the tip 
develops rapidly and increases the amount of crushing. Dull­
ing is accelerated and larger thrust loads are required to 
maintain a specific penetration.
Early work (Evans (1962), Fish (1965), Goodrich (1956), 
Gray and Gatlin (1961)) on drag bit rock failure explained 
the cutting action by one of the above processes. Recent 
work shows that all three failure mechanisms are present 
with the degree of each dependent on the rock being drilled 
and the individual bit design. Present literature agrees 
almost totally on a cyclic cutting process with the type of 
rock failure changing over the period of the cycle.
Fairhurst (1954) and later, Fairhurst and Lacabanne 
(1957), employed photographic techniques to show that the 
drilling of brittle rock by a drag bit is a cyclic process 
where instantaneous loads on the bit varied from some maxi­
mum to almost zero.
Goodrich (1956) has presented further data on the sub­
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ject and again postulated the failure mechanism as periodic 
with alternate chipping and crushing. According to Goodrich, 
the volume 'removed by the grinding and chipping phases were 
roughly equal.
High speed photographic work by Gray and Gatlin (1961) 
also shows that the cutting action was cyclic and the major­
ity of the rock was removed by chips formed by tensile frac­
turing. They noted that the direction of the separation 
crack was curved, beginning very nearly horizontal and curv­
ing toward the upper free face. This sort of chip formation 
was typical and failure was not observed to occur along a 
straight shear plane. Movies and visual inspection of the 
cuttings indicated that the volume of rock removed by chip­
ping was much lc^rger than that by grinding mechanisms, even 
for tips having negative rake angles. Gray and Gatlin's work 
was not done at high speeds, where time dependent factors and 
dynamic properties are pronounced.
Fish (1961), with high-speed cutting, found the reverse 
to be true in that the chip shapes suggested shear planing as 
the means by which the chips were generated. Fish used a 
cyclic model, showing when the larger fragments failed, the 
elastic strain energy built up in the bit was released and 
impacted tne flat cutting edge of the new rock surface, caus­
ing comminuation. Under the high stress concentration, the 
rock is further crushed until the face of the cutting edge 
is effectively bearing on a step of unbroken rock, which
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subsequently fails in shear, creating a larger fragment and
starting the cycle over.\
From work done in the past, it appears that the type of 
rock being drilled is the biggest factor controlling the type 
of rock failure at low cutting speeds, The softer rocks be­
ing cut by the advancing edge and hard brittle rocks being 
subject to increasing stress until sudden shear failure pro­
duces a rock chip. The high stress developed also causes 
crushing to take place in the harder formations.
2. Dynamic Failure
Static models can be used to understand the basics in 
rock failure, but they do not fully represent the actual rock 
cutting process in field drilling. In field drilling, very 
high rotational speeds are used to obtain increased drilling 
rates. Work in this area is very sparse and conclusions 
drawn come from a few multispeed cutting observations, most 
of which were not correlated to dynamic failure.
Rocks can resist a high magnitude of dynamic stress than 
static stress. Because of this, failure based on dynamic 
stress in drag bit drilling must be carefully evaluated. The 
reason for the larger increase in strength under dynamic load­
ing conditions lies in the transient nature of the stress pulse 
ahead of the bit and the localized area of immediate action. 
This means that failure mechanisms which are time-dependent
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are incapable of completion during the stress pulse. In a 
perfectly elastic material, induced strain is instantaneous; 
however, rock is by no means elastic. At high drilling rates, 
plastic rock response may well be obscured and dynamic failure 
predominates. In a rock where strain is induced by interatom­
ic movement and movement along grain boundaries, deformation 
is time-dependent causing strain to lag behind stress. The 
process of fracture development through rock is also definite­
ly time-dependent. Failure by tensile fracturing in high 
speed drilling may not occur due to time-dependent crack pro­
pagation. Therefore, failure by shear should be more promin­
ent in high speed drilling.
Gray and Gatlin (1961) found that the size of cuttings 
decreased as rotation speed increased, indicating that large 
chips formed by tensile fracturing do not have time to develop. 
The abundance of fine particles suggests that the rock in con­
tact with the bit was locally crushed before the stress was 
relieved by the rupture of the overlying chip. Most investi­
gations have found that the maximum cutting force is smaller 
at higher speeds. This possibly suggests that stresses do 
not have time to build up and impact momentum adds to the 
failing forces.
Experiments in coal (Evans, 1962) have shown that the 
principle cutting forces are unaffected by cutting speeds, 
which suggests that there are smaller dynamic effects in­
volved in coal cutting. The coal fails almost totally by
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cutting action and no time-dependent factors are involved. 
However, the coal cutting speeds used by Evans were much lower 
than those 'used in hard rock drilling. They may possibly be 
the reason for the lack of any evidence of dynamic effects.
No single process can adequately explain the drilling 
action in rotary drag bits, for the interactions of these cut­
ting processes lead to rock failure. The degree to which these 
processes are present during drilling is quite varied and de­
pends on the bit, the rock being drilled, the drilling system 
and the stage of the cutting cycle.
D. LITERATURE STUDY
An extensive literature study was conducted to obtain 
the best possible understanding of the rotary drilling pro­
cess, with respect to system parameters, effects of rock 
properties, and bit wear.
1. System Parameters
Thrust. When reviewing drilling studies the most ob­
vious parameter affecting penetration rate is thrust. Thrust 
has been accepted by most authors as being one of the most 
important variables in any drilling process. In rotary 
drilling, thrust is of utmost importance to maintain good
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cutting action. Many investigators have presented thrust vs. 
penetration rate data. Most investigators (Fish, 1961; Whe- 
lan, 1962? Rose and Utter, 1955; and Kimoshita, 1956), work­
ing in a variety of rock types, show that penetration rates 
increase linearly with an increase in thrust.
Whelan (1962) and Rose and Utter (1955) showed that in­
creases in thrust increase drilling rates and depth of pene­
tration per bit revolution, provided all other conditions are 
constant. They noted that at lower thrusts, the penetration 
curve did not stay constant but flattened out. This, Whelan 
claims, is due to the change in the mode of rock failure. At 
these lower thrusts grinding is predominant and the cutting 
action is lost. Rose and Utter, working at full scale, pro­
pose that this slope change is due to bit wear and friction 
between the drill rod and the walls of the drill hole with 
increased depths.
Fish (1961) also showed the relation of penetration rates 
to thrust to be linear for large thrusts but that the curve 
steepens at lower thrusts. Figure 3 illustrates his basic 
thrust/penetration rate curve.
Of particular interest is the marked departure of the 
data from a linear relationship at lower thrust levels.
Fish explains this to be the result of bit wear. As wear 
occurs the thrust required to maintain a given penetration 
rate increases. At lower penetration rates, wear increases 







DC Departure from linear 




Figure 3 - Basic thrust/penetration rate curve 
for rotary drilling
drilling depth at constant rpm.
RPM. Rotation speed has been found to have a marked and 
consistant effect not only on the drilling forces, but also 
on the cutting process.
Fish (1961) states that for a given thrust there is a 
continuous increase in penetration rate with increase in ro­
tational speed. Over the range examined, he found the rela­
tionship to be approximately linear (see Figure 4). This 
relationship, he claims, follows logically from the reduc­
tion in penetration per revolution with increased rotation 
speed and the consequent proportional reduction in thrust 
requirements. An increase in rotation speed clearly reduces
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the frictional forces because of the associated reduction in
thrust. But in cutting edge wear this is more than offset by
\
the increased distance traversed for high rotation rates over 




Figure 4 - The effect of rotation speed 
on penetration rate
the rotational speed the greater the penetration per revolu­
tion due to larger fragments created in fracture and greater 
subsequent impact at the cutting edge. These findings have 
been confirmed by rotary drilling .studied of Whelan (1962) 
and Rose and Utter (1955).
Kim (1964), working at very low thrusts in slate, found 
that rotational speeds have a much smaller effect on penetra­
tion rates. In fact, at low clearange angles (5°) (see Fig.
1 ) the increase in rotation speed caused a decrease in pene­
tration rate. At higher clearance angles only slightly higher 
penetration rates were found for greater rotational speeds. 
This relationship does not correspond with other studies
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found in the literature and may be due to extremely different 
conditions. Kim's tests were performed at 4 and 5 lbs of 
thrust where others have worked with thrusts ranging some­
where between 300 and 1500 lbs. At very low thrust the 
cutting action is different resulting in differences in 
thrust vs. penetration curves. #
Roxborough (1973) performed cutting studies with picks 
in coal and found strong evidence that the principle cutting 
parameters are unaffected by cutting speeds. This work was 
done with a shaping machine making the cutting process lin­
ear, not circular, as was the case in the other studies.
Flushing Agents. Several studies have been reported 
comparing water and air as flushing agents (Fish, 1961 and 
Kim, 1964). Most studies have concentrated on the manner 
in which flushing agents affect drilling rates, bit tempera­
ture and bit wear.
Kim (1969) states that bit temperature increases with 
decreases in flushing rate and that the temperature gradi­
ent is highest at the cutting edge, which is most critically 
affected. The higher the temperature the weaker the carbide 
becomes, causing increased wear and lower penetration rates. 
He also found that air flushing may be more advantageous 
than water flushing because of its faster cleaning action 
even though water is far better for lowering bit tempera­
tures.
Fish (1961) working with reverse circulation in sand­
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stone found that dry drilling requires lower forces than wet
drilling and produces higher penetration rates for a given
\
thrust. He also states that there is no significant differ­
ence in bit wear with the two flushing agents, despite the 
fact that high temperatures were found with dry drilling. 
From this he suggests that the rate of wear from abrasion 
swamps the surface temperature effects.
2. Rock Properties
In rotary drilling, the physical rock properties are of 
utmost importance. These properties can be grouped into 
three categories:
1) The strength properties, which determine the force 
required during the drilling process;
2) The abrasive properties, that influence bit wear 
rates and insert composition and;
3) The structural properties, such as fractures, bed­
ding, porosity, alteration, etc.
The first extensive research on drillability based on 
correlation of measurements of physical properties of rock 
was reported by Sheperd (1950). He concluded that Shore 
scleroscope readings, unless correctly analyzed, give no 
useful guide to rock drillability, and toughness of rock 
is a property important in percussive drilling, but not 
necessarily so in rotary drilling.
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Correlation of physical and mechanical properties of 15
rocks types with drilling rates was investigated by Kimoshita 
\(1956) . His report shows that some relationship exists be­
tween penetration rates and the number and size of quartz 
grains in the rock. Shore hardness correlated with penetra­
tion but the data showed large deviations. From his experi­
ments he concluded that rock properties are, by themselves, 
insufficient to act as a measure of drillability.
Paone and Bruce (1963) have done a series of drilling 
studies with AX-size diamond coring bits. The main object 
tive of the investigation being to determine correlations 
between penetration rates and physical rock properties.
The properties included in the study were compressive strength, 
tensile strength, Young*s modulus, shear modulus, Shore schlero- 
scope hardness and specific gravity. They concluded that pene­
tration of a diamond coring bit is directly related to the 
strength of the rock which, as first approximation, approaches 
the compressive strength of the rock.
Paone, Bruce and Virciglio (1966) used regression analysis 
to study the effects of rock properties on penetration rates in 
diamond coring bits. This work involved laboratory drilling 
and also field drilling. They determined that the parameters 
affecting penetration rates for surface-set diamond bits were 
compressive strength, Shore hardness and quartz content of the 
rock. With impregnated diamond bits, the significant para­
meters were Young's modulus, shear modulus, quartz content
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and compressive strength. All the physical properties used
in the study were found to be highly correlated with each 
\other.
In his work on correlation of physical properties with 
penetration, Alpan (1950) measured crushing strength, Shore 
hardness, toughness, and resistance to abrasion. Each had 
a similar effect on penetration rates and any one of the 
properties could represent drillability. He found, as did 
Paone and Bruce, that all rock properties had an inverse 
relation with rotary drilling penetration rates.
White (1969) using regression techniques, found Shore 
hardness, compressive strength and thrust to correlate to 
rotary drillability. Schmidt hammer and Young's modulus 
were also measured with little correlation to drilling rates.
3. Wear Rate Measurements
A number of techniques have been employed in past drill­
ing studies to measure wear rates of rotary bits. None of 
these techniques have proven to be superior or received wide 
acceptance.
White (1969), working with 3/4-inch drag bits, employed 
a microprojector to obtain profiles of the cutting edge. Bit 
profiles were traced and a planimeter used to measure the area. 
After drilling the loss of profile area was calculated and 
used to measure bit wear. With this area loss he established
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an abrasive index that represented the wear per foot of hole 
drilled. \
Montgomery (1969) also used the profile technique for 
wear measurements on carbide buttons in percussive bits.
He found this technique quite successful because the buttons 
wore down symmetrically, whereas with White's rotary bits, 
wear was different in all dimensions.
Using a micrometer screw gauges, Fish (1961) measured 
bit wear by the average width of the wear flat developed on 
the cutting edge. He found that at low bit temperatures 
wear was largely due to fractional forces. Wear was found 
to be a function of unit thrust on the cutting edge and the 
distance drilled. At elevated temperatures wear was greatly 
increase due to the weakening effects of high temperatures 
on the carbide.
Fairhurst and Lacabanne (1957) and later Kim (1964) 
employed a microscope to measure the average width of the 
cutting edge wear flat for wear measurements. Kim also used 
bit weight loss to study wear conditions. He found that the 
width of the wear flat is a less sensitive measure of total 
wear than weight loss. The flat measurement does not show 
loss of gauge and is influenced by the clearange angle of 
the bit. During the same study, Kim made penetration rate 
measurements to show wear rates and their effect on penetra­
tion rates. From his investigation, he concluded that in 
shale, wear rates as measured by width of wear flats, are
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rapid in initial drilling but decrease in later phases. He
also found that there is an increase in wear rates with in­
's
creasing thrusts. Bit wear by weight loss was found to vary 
directly with bit clearance angle but wear measured by the 
width of wear flat varied inversely with clearance angles.
He stated that high bit temperature from decreased flushing 
rates caused increased bit wear and decreased penetration 
rates.
Whelan (1962) used wear flat measurements and penetra­
tion rates for evaluating wear rates in limestone. He found 
that initial penetration rates of a new bit decreased rapid­
ly because of wear. After a few inches of drilling the pene­
tration rate became essentially constant with additional 
drilling.
4. Bit Insertion Composition
Rotary drilling may be described as a continuous con­
test between the cutting edge of the bit and the rock being 
drilled. The usefullness of the cutting edge depends on its 
ability to stand up to all possible drilling conditions. It 
must withstand large thrust loads, abrasive wear and possi­
bly high temperatures. Tungsten carbide alloys have been 
shown to be one of the best materials for cutting edges.
The effects of hardness of tungsten carbide cutting 
edges on the rates of wear are clearly illustrated by Fish
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(1961) in Figure 5. The graph shows the wear vs. distance
curve for a range of different carbide hardness from 87.1
x
to 90.0 Rockwell "A". It can be seen that it would be de­
sirable to use the hardest possible carbide bit edges. How­
ever, the harder the carbide the more brittle it is and the 
most likely to fracture under rotational impact. Fish states 
that it would be best not to use carbide with a hardness 







Figure 5 - Progressive bit wear using carbides of 
variable hardness
Bit temperatures can greatly affect carbide hardness.
The softening effect of high temperatures on carbide alloys is 
shown in Table I. Using temperature indicating powders, Fish
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found that in dry drilling temperatures in excess of 400°C 
were reached and would explain the increased bit wear com-
Npared with wet drilling.
Wear of cemented tungsten carbide inserts is an extremely 
sensitive function of its cobalt content and hardness. Figure 
6 (by Roxborough) shows the effects of cobalt content on hard­
ness and transverse rupture strength. Harder carbides can be 
obtained with lower cobalt content but are very brittle and 
more likely to fracture under rotational impact forces. The 
best wear results are found for carbides with approximately 
6% Co content by weight. With higher cobalt content and 
larger grain size, cracking is reduced but with an accompany­
ing loss in hardness.
TABLE I
Variation of Hardness of Tungsten 
Carbide/Cobalt Alloy with Temperature 
(after Fish, 1961)


















Fig. 6 - The effect of cobalt content 
bn hardness and strength in 
carbide inserts
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III. TESTING PROCEDURES AND TEST EQUIPMENT
A. DRILL BITS
The 3/4-inch bit diameter was chosen on the basis of 
earlier work by White (1969). White's test work was used 
as the basis for the test program, drilling method and to 
establish starting parameters. The bit bodies were machined 
from bar stock and heat treated prior to brazing the cutting 
edges to them. Brazing was accomplished with a commercial 
silver brazing alloy. Parts were heated by a laboratory 
induction unit. The basic carbide tipped test tool is 
shown in Figure 7. Two geometries with carbide plus dia­
mond cutting edge are shown in Figure 8 .
Drill bits had cutting edges of the similar geometry and 
configuration as those used by White. Specifications are 
as follows:
Included angle (©) - 70°
_ _oClearange angle (8 ) - 20
Axial rake angle (a) - 0°
oFace angle (y) - 25
Bit diameter (G) - 3/4 inch
Bit connection - 5/16 NC thread
Coolant, air or water was supplied to the cutting edge dur­
ing drilling through the hollow shank and ports on the out­
side diameter of the bit body. These ports, directly be-
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neath the cutting edge, may be seen in the bit photographs 
1 and 2 .
\
1. Cutting Edges
(R)Two CARBOLOY cemented tungsten carbides were used in 
the initial test sequence. The composition and physical pro­
perties of these straight tungsten-carbide cobalt grades are 
tabulated below:
Grade 44A Grade 241 
Cobalt, Co, Percent 6 10
Tungsten Carbide, WC, Percent 94 90
Hardness (Rockwell A) 91 88.5
Abrasion Resistance (1/vol loss) 15 6
Impact Strength (Charoy) in-lb 12 17
Transverse Rupture Strength (psi) 320,000 4 00,000
Compressive Strength (psi) 750,000 610,000
3Density (gms/cm ) 15 14.5
The ten percent cobalt grade (241) was selected for this 
test in an attempt to develop data for comparison with the 
earlier work by White. This cemented carbide has the same 
basic composition and physical properties as that used in 
the tools tested by White.
Grade 44A, six percent cobalt, was included in this 




3/4 - inch Rotary Drag Bits
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composition and physical properties, is used to a great extent
in current rotary drilling applications. Cemented carbide of
\this cobalt content is the primary cutting edge used in under­
ground mining rotary drill bits for roof bolting.
/ R \The COMPAXv ' diamond drill blank consists of a diamond
to diamond bonded layer of multi-crystalline diamond 0.020 inch
thick which is in turn bonded to a cemented carbide substrate
nominally 0.110 inch thick. The diameter of this unique com-
(T)bination of MAN-MADE diamond and tungsten carbide was 0.330 
inch. This new manufactured diamond product is made by Speci­
alty Materials Department of the General Electric Company util­
izing super-high pressure/temperature technology.
These diamond pills were too small to provide a complete 
cutting edge diameter. Therefore, they were mounted to the 
bit body along with a carbide support member as shown by the 
photographs 1 and 2. This fabrication method provided the 
proper support while maintaining a cutting edge configuration 
similar to that of the initial carbide tipped test bits. Cor­
rect clearance angles were ground after the diamond blank was 
brazed to the bit body.
(R) Registered Trade-Mark of General Electric Company 
(T) Trade-Mark of General Electric Company
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B. DRILLING MACHINE AND CONTROLS
The drilling machine used for these tests was designed 
and built by Chris White (1969) for his "Drillability Index" 
work. Many modifications were made to increase the machine1s 
flexibility. These modifications allowed the use of differ­
ent drill steel lengths and the handling of bigger rock sam­
ples .
Photograph 3: Drill and Controls
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Photograph 4 
Drill and Cage Assembly
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Figures 3 and 4 show the drill and control assembly.
Following is a brief description of the machine's components
N
and controls.
1) Chuck and Drill. The front parts of the drill con­
sist of a Gardner-Denver CH3A chipping hammer. Com­
pressed air can be applied to the hammer for per­
cussion drilling, but was not used during these 
rotary drilling tests. The chuck which holds the 
'drill steel is contained in the chipping hammer.
The chipping hammer is bolted to a lower section 
which facilitates rotation. This lower section is 
mounted on slides secured to the frame. A shaft 
connects the hammer to the hydraulic gear motor
and rotates in the lower section within chevron 
packings.
2) Rotation Systems and Controls. Drilling rotation 
is produced by a commercial hydraulic 1-inch gear 
motor, Model MD 321 GAAB 10-8, which is connected 
to the drill through a keyed shaft. The direction 
of rotation may be reversed by changing the inlet 
and outlet hydraulic lines. The speed of rotation
is controlled by a Waterman 1407 pressure-compensated 
flow-regulator which allows speeds of 0 to 750 rpm. 
Speed readings were measured by a General Electric 
battery tachometer mounted near the lower section 
operated by the drive shaft.
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3) Thrust System and Control. Thrust is provided by a 
2-inch bore, 12-inch stroke, Model R2C Hydraline 
hydraulic piston. Pressure to the cylinder was 
regulated by a Vickers XTL-03-B-10 reducing valve. 
Pressures from 25 to 1000 psi may be regulated to 
the cylinder giving a thrust operating range of 
approximately 75 to 3000 lbs.
4) Hydraulic System. The hydraulic gear motor and 
thrust cylinder were supplied by a Racine 2FA vari­
able volume vane pump, Model PVF-PSS010ER, with a 
maximum supply pressure of 1000 pounds per square 
inch. The pump was driven by a Louis Allis 7.5 
horsepower, 220-volt, 3 phase, 60 cycle, 1200 rpm 
synchronous motor.
5) Timing System. Penetration rates were determined by 
a set of micro switches operated by two cams mounted 
on a shaft parallel to the direction of drilling.
The distance between the two cams may be set to any 
desired drilling distance. The times distance was 
one inch less than the distance between the cams.
One micro switch starts the time at one inch of 
penetration and the second micro switch stops the 
timer and dril at a preset depth. The one inch of 
untimed drilling gives the operator time to stabi­
lize the system and eliminates any surface effects 
in the rock block being drilled. The micro switches
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controlled a Standard Electric J-R timer and shut the
hydraulic motor off when the preset distance was 
\
drilled. All drilling rates were calculated from a 
timed distance of 3,0 inches.
6 ) Mounting Cage. The blocks to be drilled were secured 
in a steel cage anchored to the floor by 4 threaded 
rods. The cage is big enough to easily handle 12x 
12x12 inch blocks. The blocks could be raised or 
lowered with a screw-jack at the bottom of the cage. 
Side movement, for changing drill hole positions, 
was done by adjusting screw bolts on either side of 
the cage. The lateral range of movement by the 
screw-bolts was 6 inches. For additional movement 
the entire cage was moved by loosening the anchor 
bolts and repositioning the cage assembly in the 
desired location.
7) Flushing and Controls. Air and water were supplied
by a jacket mounted around the base of the drill steel. 
Flushing entered the steel by 3 equally spaced holes, 
down the drill steel and out 2 small ports in the bit. 
The amount of flow was regulated by two valves on the 
machine. Two Roto-sight flow indicators were used 
to measure flow rates. A pressure regulator was used 
ahead of the air flow indicator to supply a constant 
pressure to the meter. Compensating factors were 
calculated for the adjustment of temperature and
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pressure for the air flow. Water flow rates were 
read directly from the meter. The cuttings and 
water were collected by a collar mounted at the 
rock face through which the bit and steel passed.
Two vacuums, one for dry and one for wet drilling, 
were attached to this collar.
C. PHYSICAL PROPERTY TESTS
Physical property tests were performed on each rock type 
before drilling. These tests are identical to those used by 
Chris White in his Drillability Study, and have previously 
been found to correlate with drilling rates by many other 
investigators. Where bedding was present, the tests were 
performed normal to the bedding planes to correspond with 
the direction of drilling.
1) Schmidt Impact Hammer Tests. The Schmidt impact
hammer is a hand held instrument designed originally 
for testing concrete. The hammer consists of a 
spring-loaded piston which is projected against an 
anvil. The anvil is held in contact with the sur­
face of the rock to be tested. The piston rebounds 
after striking the anvil and the height of rebound 
is indicated on an arbitrary scale of 0 to 1 0 0 .
This scaled reading is the Schmidt impact hammer 
value,
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Schmidt impact hammer values were determined on each
12 x 12 x 12 inch block to be drilled. The block was 
\
placed on a concrete floor and twenty readings were 
obtained. Care was taken to keep the instrument in 
the vertical position and to impact a fresh area for 
each reading. An average and standard deviation was 
calculated for each data set.
2) Shore Scleroscope Tests. The Shore scleroscope is 
a laboratory test instrument used to determine the 
relative hardness of a material. The hardness value 
is expressed as the height of a rebound, on an arbi­
trary scale of 0 to 140, of a small pointed hammer. 
The hammer falls within a glass tube, from a height 
of 10 inches, onto the rock surface. The hammer is 
raised up the glass tube by a hand held vacuum bulb. 
The standard hammer is 1/4 inch in diameter, 3/4 
inch long, weight 1/12 ounce, and has a diamond 
striking tip rounded to a .01 inch radius.
Twenty shore scleroscope hardness readings were 
taken on a cut surface of a 1.5 x 1.5 x 3.0 inch 
block of each rock type. Care was taken to impact 
a fresh area for each reading. Averages and stan­
dard deviations were calculated for each rock type.
3) Uniaxial Compressive Strength. Many investigators 
have found uniaxial compressive strength values to 
have a direct relation to drillability of rock.
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Uniaxial compressive tests are widely accepted and
can be performed easily in most engineering labora- 
\tories.
In keeping with Whitefs work, lh x 1% x 3 inch prisms 
of each rock type were tested. Ten samples of each 
rock type were prepared and tested in a Tinius Olsen 
120,000 pound capacity testing machine. Each speci­
men was cut with a diamond saw from the same block 
to be drilled. The ends of each sample were planed 
to a parallel tolerance of ±,005 inch. The evapor- 
ite specimens were cut and planed dry to prevent 
possible dissolving. Where bedding was present, 
each block was cut so that loading would be normal 
to the beds.
Each specimen was placed between self-aligning steel 
plates and loaded at a rate of 5000 pounds per min­
ute and taken to failure. Photographs 5 and 6 show 
failure modes for the sample prisms tested. Uni­
axial compressive failure strength values were cal­
culated by dividing failure load values by the sam­
ple's cross-sectional area.
4) Young's Modulus. Young's modulus is defined as the 
ratio of stress to strain, or the rate of change 
of strain for a change in stress. Young's modulus 
was found for each rock type tested, A dial micro­
meter was used to take deformation readings for
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Photograph 5 
Rock Samples taken to failure 
A-Marble B-Dolomite C-Oil Shale 
D-Trona
Photograph 6 
Type of sample failures for Marble
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each prism tested. Readings in thousandths of an 
inch were taken at 1000 pound intervals during the 
compressive tests. From these readings stress- 
strain curves were plotted by a Houston DP-7 Digi­
tal Plotter, The Houston DP-7 is an electromechani­
cal drum plotter operating on a digital incremental 
principle with a step size of .0025 inches to pro­
duce a plot by movement of a pen relative to the 
surface of the recording paper. Load and deforma­
tion data were input by teletype to a data file 
where it was called by a plot program by a PDP- 
10 Computer. The straight line portion of each 
stress-strain plot was used to find Young's modu­
lus. The slope of each plot multiplied by the axis 
ratio gave Young's modulus values. Ten values for 
each rock sample were calculated and averages and 
standard deviations calculated. The stress strain 
plots of all rock types are presented in Appendix D.
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D. WEAR-RATE MEASUREMENTS C O L O R A D O  SCHOOL of MINES
GOLDEN, C O L O R A D O  80401
Bit cutting edge wear was measured by three techniques: 
penetration rate changes, bit weight loss and bit profile 
loss. The wear-rate studies were performed with 6% and 10% 
cobalt carbide inserts. Operating parameters were held con­
stant at 500 lbs thrust, 500 rpm, and 4 cfm air flushing.
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For the penetration rate studies, drilling time was 
measured over a drilling distance of 3 inches. Penetration
Nrate measurements were determined in each rock type. The 
distance times was the last 3 inches of a four-inch deep 
hole. Each timing represents an average penetration rate 
for the time 3-inch distance. Penetration rate changes 
over the ten drill holes were used to indicate wear of the 
cutting edge.
In using bit weight loss for wear measurements each 
bit was weighed before drilling to obtain an initial weight. 
After drilling 3 holes the bit was removed and reweighed. 
Weights were also taken after 5 holes and after drilling 
all 10 holes. The total distance drilled was 4 inches for 
each hole. By observing bit weight loss, the wear of the 
carbide insert for drilling different rock types and drill­
ing depths can be evaluated.
The last technique used for measuring bit wear was 
area changes of the cutting edge profile. Each bit was 
placed in a Kodak microcomparitor and profiles skietched 
of the carbide insert. The microcomparitor has a magnifi­
cation factor of ten. As was done for weight measurements, 




NBefore drilling each bit was marked with a small groove 
at the shaft base for easy identification. Each bit was 
lightly sand blasted to remove all possible paint, thus pre­
venting any false weight measurements during the testing.
The top edge of the braze shim that was mounted with the 
carbide insert had to be filed off. Early drilling showed 
that the shim would peel off from the carbide insert and 
make cuttings cleaning very difficult.
Each bit was weighed and a profile taken before the 
drilling tests. This was repeated after drilling 3, 5, and 
10 holes for wear identification. Each bit was cleaned to 
remove any cutting material before weighing.
After the bit was screwed into the drill steel and 
the drilling block readied, the pressure regulator was 
set to supply the desired thrust. After the timing cams 
and timer were set the rpm, flushing and vacuum were brought 
to operating level. The thrust cylinder was then activated 
advancing the drill into the rock. All variables were main­
tained at the desired operating level over the entire drill­
ing period. After the drill stopped and the time recorded, 
the drill was backed out of the hole and the block readed 
for the next hole.
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IV. DATA COMPILATION AND RESULTS
a ", ef fe ct s of s y s t e m pa r a m e t e r s on p e n e­
t r a t i o n RATES
1. The Effect of Thrust on Penetration Rates
Figures 9 and 10 show thrust verses penetration rate 
curves for limestone and marble with air and water flush­
ing for both carbide and diamond COMPAX bits. These re­
sults, similar to those found by Fish (Figure 3), indicate 
that penetration rates are linear with applied thrust, ex­
cept for very low thrust values. Fish, working with sand­
stone, showed that the departure from linearity is the re­
sult of larger amounts of wear. The lower the penetration 
rate, the more rapid is the wear since the cutting edges 
traverse an increasing distance to drill a given depth with 
constant rpm. In the drilling results presented in Figures 
9 and 10, the nonlinearity of the low thrust portion of the 
curve was accompanied by negligible bit wear. Other work 
with the 6% carbide bit showed that in limestone wear was 
slight. The level of thrust was changed after each hole to 
disperse any wear that may occur over the entire test range. 
It is felt that at lower thrusts (250 lbs) the mechanics 
of the cutting action is responsible for the change in 
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is so small that only fines are produced, resulting in a 
higher specific energy. The drilling process is less effi­
cient and proportionately lower penetration rates occur.
From the Figures (9 and 10) it can be seen that an ini­
tial thrust is required before penetration is obtained. The 
point where the curve meets the abscissa is the amount of 
force required to initiate cutting. Thrusts less than the 
initial value causes the bit to merely polish the rock sur­
face. This is understandable since the cutting edge must 
overcome the bonding strength of the rock before penetra­
tion commences. A plot of penetration per revolution (Fig­
ure 1 1 ) also suggests a minimum thrust required for penetra­
tion. The amount of thrust needed to initiate penetration 
would depend upon bit design, bit size, and the amount of 




Figure 11 - Penetration per Revolution 
versus Thrust
The upper part of the thrust curve is limited by other 
components of the drilling system, either clogging of the 
cuttings or insufficient torque.
For both rock types, the penetration rate obtained by
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water flushing exceeded that obtained by air flushing for
a given thrust. This apparently results from the lubricat- 
sing effect of the water at the cutting edge. However, this 
seems to be less evident at the higher thrust levels where 
deeper penetration and higher contact pressure prevents water 
from reaching the cutting edge. At low thrusts (marble, 300 
lbs.), lubricating allows for almost 60% greater penetration 
rate with water flushing when compared with air flushing.
2. Effects of RPM on Penetration Rates
The relationship of rpm versus penetration rates (Fig. 
1 2 ), developed from this present study coincides with the 
previous work conducted by other investigators (Fish, Kim 
and Fairhurst). Penetration rates appear to be approxi­
mately linear over the range tested, except at extreme rpm 
values where the penetration rate deviates from linearity.
At high rpm levels, an increase in rotational velocity 
causes a decrease in both the penetration per revolution 
(Figure 13) and the size of the cuttings. These decreases 
(Figure 13) are due to the increased rotations per inch of 
hole depth. With an increased amount of fines in the hole, 
the cutting action is less efficient and the penetration 
rate is subsequently affected.
Rpm can greatly affect the amount of wear on a bit. 
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cutting edge but also weakened the carbide due to higher tem­
peratures from increased abrasion. However, a doubling of rpm 









Figure 13 - Penetration per Revolution vs. RPM
point on the cutting edge because some increase in penetra­
tion rate is gained.
3. The Effect of Flushing Agents and Quantity on 
Penetration Rates
The effect of the quantity of flushing on penetration can 
be seen in Figure 14 and 15 for water and air, respectively.
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The figures distinctly show how increases in the amount of 
flushing agent facilitates faster removal of cuttings and thus 
prevents regrinding of the rock chips. At a certain point on 
the curves of Figures 14 and 15, it may be observed that an in­
crease in the quantity of flushing agent does not lead to an 
increase in the penetration rate, thereby showing that the two 
variables are independent at the point where the curves take 
on a slope equal to zero.
During drilling tests at constant flushing rates, the 
flushing rates (4 cfm for air and 1 gal/min of water) were 
sufficiently high that penetration rates would not have been 
greatly affected by any small deviation in the flushing rates. 
This is not obvious from the figures, where the test values 
look considerably lower than the maximum value. However, this 
is the result of the truncated scale on the penetration rate 
axis. These test values are only 5% below the maximum level 
and therefore should eliminate the possibility of insufficient 
cuttings removal during the entirety of the drilling study.
It is not clear why the two flushing agents have differ­
ent plateau levels. This small difference (.09 feet per minute) 
may result from uncontrollable error in the operating system 
and measurements. It is possible that the higher fluid resis­
tance on the drill steel by the water reduces the effective 
thrust at the bit and lowers the maximum penetration level 
for water flushing. It was noticed during the drilling tests 
that higher initial rpm were required with water to maintain
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the require test rpm, thus compensating for this resistance.
The same may be true for thrust. For drilling at 4.0 gal/min 
the water velocity is 314 ft/min in a 3/4-inch hole with h~ 
inch drill steel and would cause a fluid drag opposing the 
thrust penetration.
B. EFFECTS OF ROCK PROPERTIES ON PENETRATION RATES
Four engineering rock properties were compared to initial 
penetration rates for seven rock types. Initial penetration 
rates were used, eliminating as much as possible, the effects 
of wear which occurred with some rock types.
Least Squares techniques were used to obtain the "best fit 
curves" relating engineering properties to penetration rates. 
Curves from first to fifth order were fitted to the data. A 
smooth, continuous curve having no local maxima or minima and 
having the least squared error was desired. It was found that 
curves of degree greater than two were very irregular and not 
consistent with relationships which would logically exist be­
tween the two variables. Therefore second degree curves were 
used in all of the data plots. It was found that a small 
number of data points and large standard deviations limited 
the quality of the fit.
In most of the tests, oil shale and sandstone did not cor­
relate with data from other rock types. Sandstone, being the 
only clastic and the only silicate rock used in the study
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should obviously be put in a group by itself. Oil shale should 
also be set apart from the others because of the plastic proper-
Nties which produce an extremely different cutting action during 
drilling. Rotary drilling tests in oil shale produced long slim 
cuttings similar to the type of cuttings that are obtained in 
metal cutting. Thus it appears oil shale should be grouped a- 
part from other rock types.
Grouping of the rock types was tried, attempting to con­
struct a family of curves for the data. It was found that there 
was not enough data to successfully group the rock types by any 
physical characteristic. If more rock types were tested and 
drilled, grouping by petrographic features should be possible. 
Factors such as silica content, type and amount of cementation 
definitely affect rotary drilling.
1. Uniaxial Compressive Strength
Uniaxial compressive strength vs. penetration rates for 
the seven rock types drilled is shown in Figure 16. The best- 
fit. (second degree curve) for both 6% and 1 0 % cobalt bits is 
also shown. As shown by these curves, rotary drilling pene­
tration rates have an approximately linear relationship to 
uniaxial compressive strength which is in agreement with find­
ings of White (1969) using similar bits. Over the range of 
data from the seven rock types drilled, a correlation coeffi­
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zero would indicate no correlation and a correlation coeffi­
cient of -1 indicates perfect inverse correlation between the 
two variables.
The correlation of uniaxial compressive strength and ro­
tary drilling would seem reasonable since rotary drilling is 
affected by the coefficient of internal friction. Rocks with 
high compressive strength have a large angle of internal fric­
tion value and larger angle 0 of failure (see Figure 2a). With 
a large angle 0 the chips produced are smaller, resulting in a 
higher specific energy and more fines for the drilling process. 
More energy is required to attain failure stress in developing 
a chip for rocks with high coefficient of internal friction 
than for rocks with low coefficients of internal friction.
2. Young1s Modulus
Figure 17 shows penetration rates vs. Young's modulus for 
6% and 10% cobalt bits in seven rock types. Also shown is a 
second degree curve representing the best fit of the data. The 
drillability of the rock types appears to have an inverse rela­
tionship with Young's modulus. A correlation coefficient of 
-.863 was obtained from the seven rock types drilled.
More data from a broader range of rock types are needed 
before grouping of the data could be done. Paone and Bruce 
(1963) found similar results for diamond coring bits in rocks 
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3. Shore Scleroscope Hardness
Figure' 18 shows penetration rates vs. Shore hardness for 
6% and 10% cobalt bits in the seven rock types drilled. Also 
shown is a second degree curve through the data. The Shore 
hardness for those rocks drilled appears to have an inverse 
relationship to drillability. The correlation coefficient of 
-.650 was obtained for the seven rock types drilled.
The area of impact of the scleroscope is on the order of 
.01 inches. Because of this small area failure is more af­
fected by bonding strength than crushing strength. Bonding 
strength is a parameter affecting shear angle in rotary drill­
ing. The effect is evident in Figure 10 where a threshold 
thrust is necessary to overcome bonding strength and initial­
ize penetration.
From the Shore hardness vs. penetration rate curve, it 
may be concluded that as hardness decreases below 50, the pene­
tration rates increase rapidly.
4. Schmidt Hammer Values
Schmidt hammer values vs. penetration rates are shown in 
Figure 19, along with a best fit second degree curve. From the 
considerable scatter in the penetration rates for a small range 
in Schmidt hammer values, it appears that very little correla­
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drillability of rocks. From the Schmidt/penetration data, a 
correlation coefficient of -.402 was obtained.
NThe area of impact of the Schmidt hammer is much larger 
than that found with the scleroscope and the cutting edge of 
a bit. The Schmidt hammer represents macro failure different 
from that of the bit's cutting edge. The Schmidt hammer com­
pacts the rock and does not measure any physical characteris­
tic found in rotary drilling.
This correlation closely agrees with the findings of 
White (1969) for a much larger range of rocks. Most rock 
types range from 50 to 65 on the Schmidt hammer scale and 
do not cover a large enough range for good correlation.
It would be very difficult to accurately predict penetra­
tion rates for rotary drilling from the values of the physical 
properties measured in this investigation. These properties 
are affected by a number of physical characteristics of the 
rock and do not represent a single physical property. Before 
penetration rates can be predicted by physical properties, 
those properties that more closely compare to rock failure at 
the cutting edge of a rotary bit must be measured. Some of 
the properties that should be measured and may relate to the 
type of rock failure in rotary drilling are (1 ) coefficient 
of internal friction, (2) bonding strength, (3) velocity of 
the stress pulse in the rock, and (4) Young's modulus. Pos­
sibly a combination of these properties could be used as a 
measure of the rotary-drilling strength of rocks.
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By grouping those rock properties which closely represent 
rock failure in rotary drilling a family of curves could then
N. . . . .be constructed to predict rotary drillability. This would be 
a better way of grouping rock types than by the properties used 
here.
C. WEAR RATE MEASUREMENTS WITH AN EVALUA­
TION OF CARBIDE GRADES
The mode of wear on both carbide grades was similar and 
appeared to result totally from abrasion. No chipping or flak­
ing of the cutting edge was apparent. Only where no flushing 
was used did temperatures get detrimentally hot and cause the 
bit to become permanently black. This suggests that a tempera­
ture of at least 400°C was reached (after Fish) which reduces 
the hardness of the carbide considerably (see Table 2). The 
first wear to appear occurred on the outside corners and the 
center ridge at the rotational axis. This wear appeared as 
polishing of the cutting edge and was visible before indica­
tion by any quantitative technique. This polishing was from 
abrasion because it occurred when water flushing was used and 
high temperatures were not evident.
The largest amount of wear was at the bit corners decreas­
ing towards the center and down the outer edge. On several bits 
wear was disproportionately on one side of the bit. Apparently 
the carbide was not centered properly and one edge was performing
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all the gauge cutting. On several bits initially there was 
considerable wear on the leading tips of the backing. This 
backing was" ground away, having little effect during drill­
ing. This was true especially for the high penetration rates.
Of the wear measuring techniques used, penetration rate 
changes were the most informative followed by weight loss and 
area profile changes.
1. Penetration Rate Changes
Figure 20 and 21 show penetration rates for different 
drilling distances in the seven rock types.
Figure 21 shows drilling tests where wear was the most 
pronounced; those in Figure 20 show little wear. The curves 
are not a direct measure of bit wear but indicate the effect 
it has on penetration rates. The amount of wear could be de­
termined by measuring the loss in drilling performance and 
then establish a relative scale using the percentage of de­
crease in penetration rate below the initial rate (see Table 2)
2. Bit Weight Loss
The second most indicative wear measuring technique was 
the change in bit weight. Three measurements were obtained 
during the 10 holes drilled with each bit. Although only 3 
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AND QUARTZ CONTENT OF ROCKS
% Decrease 
Rock Type (Values at 
10% Co
in Penetration Rate 






Yule Marble 83 0 0
Sandstone 37 20 85 .1 to .2
Fremont Dolomite 0 0 0
Trona 0 0 0
Leadville Limestone 44 12 5 .3
Oil Shale 2 1 10 .01 - .02
Manitou Dolomite 7 1 5 .01 - .05
obtained (see Figure 22). With this technique, wear of the 
backing, the shim or damaging of the threads can give false 
indications of carbide wear. For example, after drilling 
three holes with the 6% cobalt bit in limestone (Figure 22), 
the top of the bakcing was damaged and showed considerable 
weight loss with no edge profile loss (Figure 23). Before 
weighing, each bit was thoroughly cleaned to remove all rock 
cuttings. This is particularly important in drilling shale 
because fines became extremely packed around the cutting edge.
3. Area Profile Change
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DISTANCE DRILLED VS AREA PROFILE LOSS
<S> (500RPM. B00. LBS. THRUST, 6% & 10* CO. CARBIDE)
(4 SCFM AIR FLUSHING)
X LO
SANDSTONE (10 % CO.)O  03
CO FO
f—i
MARBLE (10 % CO.)
CL c\i
SANDSTONE (6 3 CO.)
TRONA ( 10 sb CO.)
B.00 24.000.00 32.0016.00 40.00
DISTANCE DRILLED (IN.)
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change method, proved to be inadequate (Figure 23). Even with 
the lOx microcomparitor, extreme wear could be measured by the 
other techniques before profile area changes could be observed. 
Only two directions of the wear surface can be measured by this 
technique, making it quite inferior to the others. Sketching 
of the silhouette and exact repositioning of the bit was dif­
ficult making the profile sensitive to operational errors. If
larger magnification and mechanical locking of the bit could be
employed, this technique might be applicable. Only four bits 
underwent enough wear to show up significantly on the silhouette.
4. Wear Composition of 6% and 10% Cobalt Carbide
As shown by the penetration rate vs. distance drilled
curves in Figures 20 and 21, the Grade 44A (6% Co) carbide
insert was superior to the Grade 241 (10% Co) insert. Initial 
and average penetration rates were the same or better for the 
Grade 44A carbide.
The rate of wear can best be seen in Figure 21 for the 
rock types that show decreases in penetration rates. In drill­
ing marble, limestone and Manitou dolomite, wear was present 
with the Grade 241 bits but lacking in the Grade 44A bits.
The Grade 44A carbide is only 2.5 Rockwell "A" points harder, 
but has a major advantage in being 2.5 times more abrasion 
resistant. This higher resistance can be seen in Table 2 
where the decrease in penetration rate after 40 inches of
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drilling is compared to the size and quartz content present in
the rock. Since no chipping or flaking of the insert was pre-
\sent, it is the strong abrasion resistance of the Grade 44A bit 
that makes it superior to the Grade 241.
In the rocks that induced wear, the penetration rate curve 
tends to flatten out after a foot or two of drilling. Appar­
ently the sharp edge of the insert wears quite rapidly, possi­
bly from high temperatures weakening the carbide.
D. EVALUATION OF THE DIAMOND COMPAX BIT
In the tests performed the diamond COMPAX bits proved to 
be technically feasible and superior in wear resistance over 
the cobalt carbide bits. Drilling rates for the COMPAX bits 
were inferior to carbide bits when air was used as the flush­
ing agent but comparable rates were obtained with water flush­
ing (Figures 9 and 10)
It is felt that the main reason for the lower penetration 
rates obtained with the COMPAX bits was the result of a slight 
deviation in the geometry from that of the carbide bits. The 
COMPAX has a clearance angle of zero over the thickness of the 
COMPAX black (see Figure 24). This thickness may be very small 
but would have a tremendous effect on drilling performance, 
especially where the drilling spiral is steep (high penetration 
rates). This bottom area would carry a large portion of the 
thrust and add considerably to the frictional forces. Friction
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was considerably reduced and higher penetration rates were
obtained with water flushing.
\There was a significant difference in performance between 
the two COMPAX configurations (Figures 9 and 10) The 360° 
COMPAX bit outperformed the 180° COMPAX bit because of the 
smaller amount of diamond blank in the axial direction of the 
bit (see Figure 24). The frictional forces are also less be­
cause of the area of contact for the COMPAX which is less.
Preliminary tests indicated that the COMPAX bit can suc­
cessfully drill granite, whereas cobalt carbide bits fail due 
to excessive wear. Over the twelve holes drilled by the COM­
PAX bit in granite, the penetration rate dropped approximately 
60% with only slight wear to the COMPAX. This loss in pene­
tration was caused by the heavy wear to the carbide at the 
axis of the bit (see Photograph 2). A possible remedy would 
be to design a coring type bit that would expose more COMPAX, 






Figure 24 - Cutting Edge of the COMPAX Bits
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The failure mode of the COMPAX diamond drill blank ap­
peared to be minute chipping at the cutting edge or flaking
\of the diamond layer from substrate. With the exception of 
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TABLE 5
THRUST STUDY WITH AIR AND WATER FLUSHING 
(500 RPM 3-in. Timings)
\
Rock Thrust No. of Timing Standard Penetration
Type__________lbs.____ holes Ave. Deviation Rate ft/min
Marble
Air (4cfm) 140 Initial Penetration
300 5 .4246 .0197 0.588
500 5 .2222 .0032 1.125
1 0 0 0 5 .1200 .0019 2.083
1 2 0 0 S topped
Water 125 Initial Penetration
1 gal/min 300 5 .2634 .0044 0.949
500 5 .1766 .0018 1.416
1 0 0 0 5 .1174 .0021 2.129
1500 5 .0902 .0013 2.772
Limestone
Air (4cfm) 200 Initial Penetration
300 5 .6910 .0367 0.362
500 5 .3126 .0068 0.800
1 0 0 0 5 .1510 .0037 1.656
1 2 0 0 Stopped
Water 150 Initial Penetration
1 gal/min 300 5 .3572 .0092 0.700
500 5 .2502 .0067 0.999
1 0 0 0 5 .1392 .0018 1.796




RPM STUDY WITH AIR FLUSHING AGENT
;(500-lbs thrust, 3-in. timings, 4 cfm air)
\
Rock Rpms No. of Timing Penetration Rate (ft/min)
Type______________ Holes____  Ave._______ Ave._________Std. Dev.
Marble
200 3 1.524 .164 .004
300 3 .847 .295 .013
400 3 .714 .350 .016
500 3 .561 .446 .010
600 3 .509 .491 .011
700 3 .484 .517 .013
Limestone
200 3 2.000 .125 .004
300 3 1.309 .191 .003
400 3 1.101 .227 .014
500 3 .758 .330 .014
600 3 .608 .411 .012
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DRILLING STUDY WITH WATER AS FLUSHING AGENTs
MARBLE (#2 Block) Thrust = 500 lbs Rpms = 500
Timings for 3-in. drilling depth








4 .1303 3 .0006 1.918
3 .1303 3 .0006 1.918
2 .1323 3 .0006 1.889
1.5 .1353 3 .0012 1.847
1 .1386 3 .0015 1.803
0.75 .1413 3 .0015 1.769
0.50 .1453 3 .0015 1.720
0.33 .1517 3 .0012 1.648
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TABLE 11
Rotary Drillability Index* for Carbide Bits 










































178 - 203 
290 - 521
* Defined by White (1969) as the drilling time per foot of 
hole multiplied by 1 0 0 .
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V. CONCLUSIONS
The following conclusions can be formulated from the re­
sults of the rotary drilling performed.
1) Penetration rates increase linearly with increases 
in thrust, except at low values where penetration 
rates drop significantly and fall to zero at some 
threshold value.
2) Rotational speed has a linear relation with pene­
tration rates.
3) Water is a better flushing agent than air; water 
increases the penetration rate by reducing friction 
and prevents bit wear resulting from high tempera­
tures .
The amount of flushing agent has a significant effect 
on drilling rates in facilitating faster removal of 
the cuttings and reducing additional grinding. At 
higher flushing quantities the chips are removed as 
soon as they are formed, and nothing is gained with 
additional flushing.
4) The engineering properties that were found to relate 
to rotary drilling rates are uniaxial compressive 
failure strength, Young's modulus, and Shore's hard­
ness. From the data obtained predicting rotary drill­
ing rates could not be possible. An investigation is 
needed to find those properties that affect the
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mechanization of rock failure in rotary drilling and 
produce a method for predicting these rates.
5) Of the wear measuring techniques used, penetration 
rate changes were the most indicative of bit wear 
and performance. Bit weight loss and cutting edge 
profile loss were too easily affected by physical 
factors that are difficult to control.
6 ) Based on test results, Grade 44A (6% Co) is superior 
in wear resistance to Grade 241 (10% Co) The amount 
of wear on these carbides was found to correlate to 
the quartz content of the rock being drilled.
7) Based on drilling results, the COMPAX bit should not 
be used in dry drilling applications because of poor 
penetration rates. However, when water was used as 
a coolant, very successful results were obtained. 
These preliminary tests also show that the COMPAX 
bit will drill granite with small amounts of wear. 
Since cemented carbide bits will not successfully 
drill granite without excessive wear, the manufac­
tured diamond composite may provide an opportunity 
to economically and efficiently rotary drill rocks 
heretofore reserved for natural diamonds or some 
other drilling methods. Of the COMPAX bits tested, 
the 360° type proved to be a better design and out­
performed the 180° type.
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VI. RECOMMENDATIONS
Further investigation and development is needed with the 
diamond COMPAX bit to establish an optimum drilling configura 
tion and determine the effects of impact and extreme tempera­
tures. The economics of this wear-resistant bit should be es 
tablished for present drilling application in much harder 
rocks which, in the past, have been drilled predominantly 
by percussive techniques. (Wear rate was much less for the 
diamond COMPAX than for carbide bits in the 12 holes drilled 
in granite.) There was a 60% drop in penetration rate in 
drilling the granite resulting from the heavy wear of the 
carbide at the center of the bit. A different configuration 
which would make the entire cutting edge from the COMPAX ma­
terial would eliminate this problem. Using a 360° COMPAX in 
a coring configuration would make the cutting edge all COMPAX 
(The 360° configuration would put COMPAX on the outer edge 
for gauge cutting whereas the 180° COMPAX bit would not; 
see Figure 8 ).
Further drilling studies should be conducted with the 
bit in a family of harder and more abrasive rocks, under 
conditions similar to those of this study. A complete in­
vestigation would require a full scale field drilling com­
parison.
Much of the work in rotary drilling has repeated pre­
vious works with little to add to the understanding of the
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mechanisms involved. Possibly a detailed total energy balance 
approach would help to quantify the variables that control
Nrotary drilling. Through an energy approach, the efficiency 
of the drilling process could be calculated from the input and 
output energies during drilling. Input energies would be mea­
sured on the drill by torque readings and the output by the 
amount of new surface generated with the cuttings.
On area of research that is quite lacking is the effects 
which rock properties have on rotary drilling. Rock properties 
that are directly related to rOck failure in rotary drilling 
have not been pursued as they should. With a large number and 
range of rock types these properties could be grouped to obtain 
a family of curves. From these curves, penetration rates could 
be predicted for rotary drilling. This would add considerably 





Several small computer programs were written to facili­
tate data handling. Three programs, STRAIN, U AND SS, were 
used in converting the raw data from uniaxial compressive 
tests to stress and strain values and for plotting this in­
formation to obtain Young’s modulus of each rock type. A 
very general plot program was used for plotting the numerous 
graphs needed to present the relationship of various vari­
ables involved in rotary drilling. The following is a 
brief description of these programs explaining their opera­
tion, use, and data input.
STRAIN
The program STRAIN, Table 12, takes data readings from 
the uniaxial compression tests, calculates stress and strain 
and plots these values. Each load value and its correspond­
ing deflection reading is written into a data file and ac­
cessed by the program. The file is constructed in a dual 
array with the load value (in lbs) first and the deflection 






























T-1759 Table 12 Strain Program 92
THIS pR0r,RA‘ DRA*S STRESS STRAIN PLOTS ON THE HOUSTON DIGITAL 
PLOTTER 
SPRING, 1975
' S I 0' v F ? 100 > ,RO(100) #X(1^0) *7(100) *E(6)fTK10).TA(5)*TE(5)i j.T0(5)
0A.TA TOR HEADINGSDATA T A/ ,CI~CULAR c y l i n d e r  VDATA T > / ’TRtANGUlAR p r i s m  »/
DATA T C / ’RECTANGULAR PRISM '/
T SiPI«3, K 1 5 9 2 6GET THE INP:;t DAtA PILE NAME R I T E ( A , 6 )
FORMAT( ’♦FILE NAME* f* $>
RE AQ(4 » 7 ) IF 0 R M A T ( A 5 )
OPEN(h »n It *1 *PlLEa IN, ACCESS®’SEQIN* )
g e t  t h e  c o r e  t y p e*RTTE<4,i )r 0 R M A T ( '♦CORE TY^E < C. YLI NDER = 0 , TR J «PR I S M « i , RECT-PR J SM = 2 ) I f ,$)
PE A D (4 » 2 ) RTyPE F O R M A T S )  N
GET THE CORE DIMENSIONS 
'.’RITE (4, 3)
FORMAT(*♦DIMENSfONS(DIA OR LENGTH,WIDlH>I S$)
READ(4,2) A,B CALCULATE the area 
IFIRTYPE.EQ,* , ) aREA*PI*A**2/4,
IFCRTYPE.EO.l.) a REA«A*B/2,IF(RTyPE*EG « 2•) AREA»A*BIF AREA IS 2ERO ERROR • ASK QUESTIONS AGAIN lFCAREA.EQ.2i. ) GO Tq 4
GET THE c o r e  h e i g h tWRITE(4,5)FORMAT!’♦H £ IG H T i ».$)
READ (4 ,2) HI.GE" THE TI TIE OF THE PLOT LRrTE(4,l6)FORMAT ( WTI T L E I  READ( a »17> T t
FOP4 a T<1-‘A5)REh D lv THE INFO
READ(1 ,2 ,ENHa8 ) F( I),RD(I>
I a T ♦ 1
-:q T 9'■AUCW.-TG T IE STRESS AnO THE STRAIN
no iu J»i,J~i
X<J)s<RQ<J)/HL>#10«*6 Y(J)*(F( j )/a REA>
w r i t e  t h e  Re p o r twR I TE f 6 ,18 ) A ,0,HLFORMAT!’ DIMENSIONS 1 f,2Fi0,4»/,» HEIGHT a »#Fl0,4#//>
W RIT £ (6 * 15 )FOPMATtlXf 1 STRAIN MICRO IN/1 N » , I X , « STRESS P S p , / >
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IY0aY(I-1 ) /0 ̂ . ♦ 1 .
WX*5*1XD
'i Y s !>« v V
? ■ iT ia11,-it "• r F!.otterIF C IFi.CT(l) .'£.?) ST OF CALI PLOT <.3,.5.-3)
CALL FACTOR (.8 )PLOT THE AXIS -- X A'JD Y
CALL A X I S U .  ,Z.. 'STRaIN-MICRO IN./IN.'.-20.8.,0.,0..RX! CALL aXIS<£.,0 .,'STRFSS-PSI',13,10,,90.,0..R Y )
ScALF THE DA'A DOlJN TO r e a l  i n c h e s
00 11 Ksl,I-i 
X < K ) e ! X ( K ) / ' X ) » . 3 Y ( K j s ( Y ( K )/■.")«,
a n c  p l o t  it
CO 12 1 * 2 . I - 1CALL £YMBOL<X(L),Y(L),.1*4*0.i-1)NO* PLOT THE HE4DINGS 
CALL P L O T (2, ,0 ..8 )
1F (RTYPe,e Q ,/,) CALL SYH30L(1.* 9.8,.3.T A ,0.,25) IFiRTvpe.EC,:.) CALL S Y MBOL (1..9.8,.3,T 3 .0 ..25) IFiRTYPF.EG.2 .) CALL SYMBOL(1..5.8,.3,T C .0..25)CALL SYMS0L(l..i;;.5..3 , 'STRESS STRAIN PLOT'.0..l8>CALL SYMBOi.il, ,10.2, . 2 > T I . 2 .. 52 )CALL SYM30L(l..9 .5 ,.2 ,'DIMENSIONS = <,0.,i3)CALL HUMBER(099..999.,,2,A,2,,4)CALL S Y MBOL(999•,999,,.2, ' X '.Z.,3)CALL -r P  (999. . 9 9 9 ., , 2 » B , 3 .« 4 )
CALL SYM-0L(P99..999.,,2. ' IN,',0,,4)CALL S Y M P O L d  . ,9'.'1» .3.'HEIGHT = '.0,,9)
CALL NUMBER<999.,999.,.3.HL.3,*4)CALL E YMgOL i 999 . . 999 , , . 2. ' I I'J, ' . 0 ., 4 )
CALL FL0T (1'..3.,3) 









The STRAIN program uses the maximum stress and maximum strain 
values to construct the coordinate scales and makes the plots 
fit a 7 x 10 inch area. This program is quite flexible and 
can work for samples of circular, triangular, or rectangular 
corss-section. The sample configuration is required by the 
program at the beginning of execution along with the data 
fill name and dimension of the sample in inches. Appendix 
D contains the stress-strain plots for the ten samples of each 




\The program SS (Table 13) calculates stress and strain 
values from raw data and prints these values out in tabular 
form. The data input is more compact for the SS program and 
requires only the deflection reading for each incremental 
load value. Each rock sample is represented by two lines. 
The first line is set into five arrays that contain the 
sample*s cross-sectional dimensionsf the sample's length, 
the number of incremental readings, and the failure load.
The second line is set into an array of 3 spaces which con­
tain the deflection readings. The deflection readings cor­
respond to load readings in 1000 lb increments. The follow­
ing is a printout of the SS program and a sample data file.
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00010 D I K M S I O *  STRESS* 6* > , STR A IN ( 60 > . DEFORM<60> .XL0AQ<62>
00222 9 WRITE (4,2>30030 ? for*'at<ix, *the namt of the file containing the sample DATA?
002 4; r'EA (4,4) HOCKS
30/:'^ CAL. I F ! l E ; l » R 0 C K 3 )
30057 4 FOR AT(A5 >00058
00060 00 PEA' (I,3»^i0a25) A,B»C iJ,h AX00065 IF(a ) 25.25,330070 3 >OP AT ( 3F , 2 I)00095 WRITE(6.16) ROCKS,M
30076 16 FOR AT(////,16x , 1- - - - - - -  fiA5 #» NO. S I S # 1 ----00130 wRJTr(6 »ll) a.B.C,J.MAX00113 11 FOR A T d l X #  ’ area = 1 i F 5 . 3 i 1 X '.F5.3#' SO, IN. » ,5x, »LENGT30111 1H a ’,F5,3.' NO OF READINGS « 1 »I3»5X,•MAXIMUM
00112 210AD s « , 15* 1 L BS.»,//)00123 w R J f E ( 6 »12 )00133 12 FOR' A T (11. x • ’ LO AO (LB ) DEFORM, (THSIN) * ,3x# 'STRESS00131 1 CL-/S UN) STRAIN!IN/IN) ',/>00137 REA (1 ,1 ,ENDsS)(DEFORM(N)»N*1.J)00145 GO 5 isl.J30155 X10 *• 0 ( I ) = 1000*130165 STROSS(I)sXLOAO<I)/<A*B)00175 1 FOR i A T ( 6 0 F 3 , 2 )00185 STRAIN!I)« (DEFORM(J)/C>•0.00130203 w RIT E (6 ,6 > X L 0 A 0 ( I ).DEFORM(I).STRESS!I).STRAIN!I)
002 If- c c o n t i n u e30220 ULT IMSs M a X/< a * b >00233 W R I T F ( 6 ,14 ) U L T I M S00240 14 FORNATC16X.'ULTIMATE STRENGTH * '.F6.0.' (LBS/SQ.IN.) »i////
00250 6 FOP<'AT(11X*P8.0 i6X.F5.0.9X.F12.0,7X.F12<»5)00255 M a M ♦ 100260 GO Tq 22
00270 75 N R I T E ( 4 ,1 3)
00260 13 FOR UT(/////,1*.'ANOTHER RUN? IsYES# 0 = NO '»$>00293 REAP(4,15)ITe ST00330 15 FOP A T (I)00310 IF< ITESTJ9.12.900320 12 STOP00333 e n d
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Sample data format for data input to SS Program
\
1•533 1.504 3.035 44 44200
0010540 7108008 50900941001041081 131 16120123127131 135139141 144148151 1 54 1 58 
16116517017517918218919419 7201205212218225230240245250258264 
1.517 1.561 2.978 29 29400
0010420590620 6807307808108 508909109 5098 101105109112115118121125129133136 
150164167171179
1.519 1.559 3.025 54 54200
0010400560640 680 720 7808 308 609009 4098 101105109112115118121124127130133137 
14014314615015315616016416817217518018218 518819119419 720220 620 9212215220 
224227248252261273 




1.514 1.534 2.979 47 47200
0010420470 540580 620 670 710 7508008 408809009309 7101104107110113117120123127 
131134137140143146149152156159162165168171175178181190194198201205209
1.520 1.531 2.970 50 50800
0010450 550 640 70075080088094098 101105109113118121125128132135139142146149 
152156160164168171 I 74178182185189194199207214218222226234244249252258261 
264267
1.500 1.548 2.980 55 55400
00103800 60510 580640 700 750 78082087091094100103106109112116120124127131135 
13814114615015415 7161164167171175178182185188191195198202205209212215221 
224230240 24525025 7262 
1.542 1.521 3.010 53 53400
0010200290 370430460 510540560610 650 670 700 730 7603003 308 709209409 7101 105108
111114117120123126129132135139142146149152155159163166169173176179182185
1881932004209210
1*549 1.564 2.936 59 59800
00106508 4092098104110116120126130134138141145150153156159162166169172175 
178181185188190194196199203206209211214218221224227230233236239241244246 
24925125425 62592622692722762 7928 9 
1.553 1.569 0.994 49 49300







The program U (Table 15) is for conversion of the data 
file of the SS program to the form used by the STRAIN pro­
gram. The only requirements are: the name of the data file
to be converted, and information on the load increments of 



















T-1759 Table 15 U Program 99
THIS PRO q R a c O\'VE«TS THE O a TA B a SE FRQM ONE FORMAT TO \ ■ T«■ r*- FOP t h e  STRESS STRAIN PLOT PROQRa m
^  I o, ^9>:
DIMENSION X(130)DOUBLE PRECISION NAMGET Th e i n p i t  f i l e  n a m eWR!TE(4,1)
r O « M A T < U f Iu E.EXTI 1,$>
REA0 < 4 i2 ) Nam FORMAT!A10)OP EN CJMTali PILE»NAM,ACCESS= 'SEGIN*)
GET The P0U-'3S SPACING FA c TO^WRITE<4#9>FORMAT(’+ L B 3 FACTORl f * S )
REA0(4*1?) <*r 0 p M A T (j)
10*7READ the HEADER INFORMATION 
P E A Q (i ,4 * E K  s 9 9 ) A.B.CiI FORMAT(3F * I >
IS IT THE E Q OF FILE?IF (J , £3,0 ) GO TO 99NO ~  SO READ IN THE READINGS»EA0(i,5> (V(v|>, j«l,I)
F0RMAT(6'2F3u3)AND v-RITE It BACK OUT WITH THE LBS READINGS 
DO 6 K*iiI Y s K # K K
HR ITS(10,8) Y * X (K )FORMAT(2F) 
c o n t i n u e




\The program P (Table 16) is a very general plot program. 
The user supplies the data points, coordinate lengths and 
scale, and figure headings into a data file. From this, the 
program constructs the plot. P also fits the data with a 
best-fit curve of a specified degree. The following is a 
listing of the program and an explanation of the data file 
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t h *s p r o g r a m  d r a w s  p l o t s  a c c o r d i -gc t o t h e  u s e r s  s p e c s  ■;QT ONE OF vOUR EXTREMELY b r i g h t  p r o g r a m s
p u t  O'JITE VERSATILE:
SP-'I Si 19 7
DIMENSION X il2!0> .Y<1Z0> »C(113) ,DEvX(100> .OEVY<i00) |XTI (10) pYTI (X0>DIMENSION t ’p*i g (30) ,TI (5L0 ,TISUB1(5!?) ,TISUB2(5Z> ,TISUB3(50> 
DIMENSION T?.qZ ) ,TIT(5) I ISVM<5)C 0 N M 0N /PI/ VKP
DOUBLE PRECISION NAMTHE P A t A FO" j ME SYMBOLS PLOTTEDHATA ISYv/3,4,9.11*14/
g e t  t H e i n p it f i l e  n a m eWRITE(4,1)
r 0 P M ̂ T (1 * INiu T FlLE.EXTl ’,$>READ(4,2) Nam F 0 F M A T ( A10 )OPEN ( Uf-1 Tal. FILEa NAM, ACCESSs • SEQI N f )PEAD r- t h e  t i t l e  COORDINATES in t h e  x AND Y DIRECTIONR E A D (1 • 3 ) T I X , T I YF0PMAT(4F)READ IN THE FIGURE AND NUMBER P E A D 11 , 4 ) T ! r j G 
pORMAT(Q0A1)PEAD IN THF TITLE AND 3 SUBTITLESR E A D r 1 , 4 ) T TREAD'1,4) T ’Su b i
RE a D(1,4) TTSUR2R£A 0 (1 » 4 ) TtsUB3
»E a D IIN THE X AND Y A*IS INFOREAD(1,5) XLEN,XSTA,XDELTA,XTIPE AD (1,5) Y'^ENi Y S T A ,  YDELTA, YTJ
F0«MAT(3F,1,A5)INITIALIZE ''HE p l o t t e r
IF C IPL0K2) ,\'E.k?) STOP * NO PLOT CHANNEL*
CALL SETw IN (. i 4 , ,11* )CALL P L 0 K 1 ,  5,1. 5.-3)
TIX*T1X/XDE l TATIYsTlY/YDEuTATHIS NEXT SECTION CENTERS AND PLOTS THE FIGURE AND TITLE AND
S U B T I T L E SrAll CC'!TER(TIF!G,NC,D1* 02,03)
XKF«FL0AT(NC)*.1
e n c o d e  INC,4,T) TIFIG
CALL  f V ^ Q L  TIX.-’-lY, ,2»T,2I, ,15)
r-ALL CE TF,R Tl, ■■#T i y ,XNEN, ,15>TIYsTlY..25
ENCOCECNC. a .t ) TT
c a l l  SYMBOL(XNEN,Tiv,.15*T#0,#NC)IF(TTSUBKl) ,EQ. * * ) GO TO 6CALL CENTER ■'T ISUfll • NC. T I X, XNEW# ,1)T I Y a TI Y - . 17 7>
ENC0D E (N C ,4,T ) TISU91CALL SYMBOL(XNEW.TIY,#1#T,0,,NC)
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IF'T L '^(1 ,n. ' ’ ) GO TO 6
CALL  a  : TE*  T x S U n3 * JC # T I  X , XNEW» • 1 >
T I y -,15
e n c o d e ( .s«.,4,tj t r s j s <
c a l l  S Y ’ V O L  X N E w . T I Y , , 1 , T #0 . , N C )
C * #  P L r,T T mf  X x I S
6 OEPOf  £(5 , 4 , * t ! )  T
CALL C t - T E R  T ( n c i D1 , D 2 * D3 )
CALL  A X I K C 1. , y T I  , - n C ,  X L E N . e .  # X S T A , X D E L T A >
C # #  PLOT T^E Y ;<:s
leco: e<5 ■ • ^ , v t i > t
CALL CO T£R T , v c , D l # D 2 i D 3 )
CALL  A / I S ( L  , 0 , , y L E N , 90 , , y S T A , Y O E L T A )
C*« this  LXT S- CTIO' P £ a d s in INFORMATION to be PLOTTED on the PLOT
R it. D 11»1 ^ ) . L ,  Y L . T I T
X L ^ X L / X H c L T  
Y L - YI / Y O C L t
CA. , L SYMBOL X L * Y L *  . 1 i T I T i 0 , , 25 )14 F QRMAT<2r , 5 :,5>
p e a o < i . 14 ) : l , y l . t i t  
X L * X L /  x 0 £ L 
Y L ^ Y w / Y O F L T  .
CALL  SYMBOL •’ X L ,  y l ,  . 1 , T I T #0 , , 25> 
r e a o <i ,i a ) ;l .y l .t i t
X L « X L / X D £ L T
y l » y l / y d e l t .
CALL SYMPOL<XL,Y l , • i , T I T , 0 t ,25)RE A 0 ( i * 14 ) ''L * YL * TIT
X L 3 X L /  X j  £ L T i.
Y L ® Y L / Y D F L T
CAL L  SYMBOL !’ X L .  Y L ,  . 1 . T I T , 0 , , 25 )
R E A D ( l , 14 ) - < L . Y L . T I T
X L ^ X L / X D E L T ' .
Y L * Y v / Y n r L T A
CALL SYMBOL?X L , Y L , •1,TIT#0,,25)
K « i
c * *  --e '-D i  t h e  f l a g s  on  how t o  p l o t
13 REA0C1.7.EN 1=999) IOEV*, I DEVY,LFIT,LDEV,XS,XF
7 F0RMAT<4I,2")
1*1
C * «  READ I N  THE I NFO TO PLOT
8 R E * 0 ( 1 , 3 ) X - I ) , V ( I ) , C E V X ( I ) , Q E V Y ( I )
C * #  -1 I S F"'.j f'-.' p l o t  c u r v e
IF d  d ).EQ.-l. ) GO TO 9 
I- * I ♦ 1 
GO T a
9 i * ? -:IS v H f s IS Y M ( N )
DO 11 J * l , l  
C * #  SCALE TH£ C \ T *  TO PEAL I NCHES
X < J ) a ( X < J > - < S T A ) / X O E L T A  
Y ( J ) a ( Y < J ) - v S T A ) / Y O E l TA 
X X s X U )
YY«Y'J )
C# #  AND PLOT I T
CALL  S Y MB OL <X X , Y Y , . 1 , I S Y M B , 0 i , - 1 ) 
c # t  S T m N - A ’ O oe  i a t i o n s ?
I F ■. I N  £ V Y , E 0 , ? )  on  TO 12
c«* yes - -  plot i t
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c a l l  p l 0 r ( x ; *  „ , vy«k[)X , 3 )
CALL P L0T < *  U ^ 2r; , Y Y * D X , 2 )
CALL M T ( X  YY + n X . 3 )
CALL ' L O T ( /  ' 1Y Y -  *' X * 2 )
C A L L P L 0 T ( X: ~ . ■? p », # V Y - D X , 6 )
CALL PLHTCX Y Y - D X / 2 )
c Ta ^-a m H QE ' I a t ? n n s ?
I F CIC £ V X «£ 0 7) Go T 3 U
YE- - -  ^LOT I T
OY - OF V>-v( J ) /  DELTA
CALL P L n T ( X U O Y . Y Y - , 725#3 )
CALL P L O T ( X  ; - D Y . Y Y + ,  2^*2)
CALL  PLOT (X ? - CY.  YY»-5)
CALL  P L0T ( X X 4D V , V Y , P)
CAl L P l OT(X.< + DY.YY-,!^25i3)
CALL  Pl OT(X.: + 0y ,  YY+,C25»2)
c o n t i n u e
F I T  i. CURVE To TME r) ATA I F  DESI RED 
I F ( L F I T . E 3«;:> GO TO 16
00 10 J31 »1 :*
C ( J ) * G .
CALL F I T ( X # S  I # LF I T , C » 2!i CC )
PLOT THE CU ^VE
1 P L 3 3
X X a ( / . S - X3TA V X D r l T A  XF*</F-XST a 3/x DE l TA
YY s C U ) « X X « j»5 + C(5 3^XX#*4*C(4)#XX*«3^C(3)*XX*XX4C(2>»XX^C(1) 
CALL  P L O T ( X ; < # YY.  I PN>I PN*2 
Y X s X M / ?
I F ( X X . L T . X F  ) GO TO 15 
WRI T£ < 6 »17 > K » CC 
F0PM4T C  C' J ' VE CUMBER M l #
1 * HAS CORREL AT I ON C O E F F I C I E N T  OF f # F7 , 5 )
S E t  OP f o r  ANOTHER CURVE ON T H I S  PLOT 
K a K ♦ 1
I F < K , G T , 5> - s i
GO TO 13
THa TS it FOLKS
CALL  P L O T ( Z , , 0 . , 999 )
STOP
END
SUBROUTI NE CENTER*T j #NC,TIX,XNEW,HT)
T H I S  s u b r o u t i n e : CENTERS a T I T L E
dimension t :c1 >
r C - M C N  / P I /  XKF 
n o  1 I«53#l,-1
n c ® 1IF r T I ( n  , N E .  ' ') GO TO 2yNea*X K F - ( F u O A T« N C > « H T ) / 2. * T l X
RETURN
END
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flt'JfiE 1J Computer listing of sample data file
RPM vS P;.r.£T- aTJcA' ate for the plot program 
FOR LIMESTONE ANn m a r b l E<500 LBS THRUST, 4CFM AIR, b'A CO, CARBIDE)(POINTS’ REPRESENT A ’-'ERa CE VALUES AND STAD, DEV.)
6 0 133,33 RPM
8 0 Vi penetration Rate cft/mjn)
500 .5 marble 
638 .41 LIMESTONE
0 1 2 0
0 0 P 0
200 .164 0 * 0 0 4
300 .295 fc .?l3400 .350 0 • 216
500 .446 0 • *10
600 .491 Y] .011700 .517 k .213
m%
0 1 0 0
0 0 0 0
200 .125 Q. ,004
300 .191 Z .003
400 .277 fc • '* 1 4
500 .330 0 .?14
600 .411 / .212
700 .478 £ .244
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Table 17 (con't)
FORMAT OF DATA FILE FOR THE PLOTTING PROGRAM P
Line Number ________________________ Data_______________________________






7 x-axis information, length, scale of x per inch, standard 
deviation of x, title of axis
8 y-axis information, ,
9 standard deviation x (0=no, l=yes), standard deviation
of y, curve type (0=no curve, l-5=degree of curve), 
standard deviation lines (0=no, l=yes)












PETROGRAPHY OF SELECTED SEDIMENTARY AND METAMORPHIC ROCKS
The following is a summary of the lithologic types deter­
mined for the seven rock samples supplied. Identification and 
description were based on
1 ) hand specimen inspection
2 ) study of thin sections with a petrographic microscope 
and where necessary,
3) x-ray diffraction analysis of powdered samples. 
Accompanying photomicrographs are keyed to each sample ac­
cording to number. A detailed petrographic description of 
each sample follows.
Photomicrographs were taken with a Leitz panfot micro­




Photomicrograph #7: Dakota Sandstone, Golden, Colorado,
Robbins Quarry
Sandstone, fine grained, bugg, moderately sorted, moderately 
well-cemented quartz arenite, Quart, 85%, 0.1 to 0.2mm sub- 
angular to subrounded, equant. Most quartz grains show re­
healed fractures, Matric, 15%, very fine grained argilla­
ceous (clay), with iron oxide staining. Matrix forms a semi 
continuous envelope around quartz grains.
Photomicrograph #7: Dakota Sandstone
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Photomicrograph #8; Leadville Limestone, Buena Vista, Colo-
reado, U, S, Steel Quarry\
Limestone, gray, microcrystalline to very fine grained, Cal- 
cite, 90%, mostly 0.002mm angular interlocking grains; about 
1 0% of the calcite occurs as recrystallized pathces up to 
0.07mm in diameter. Quartz, 5%, authigenic patches inter­
stitial to calcite, up to 0.03mm in diameter. Fine calcite 
shows discontinuous thin coatings of opaque material. Larger 
patches up to 0.04mm in diameter of similar material occur 
scattered throughout the rock. This material may be petro­
liferous, as fracturing the limestone results in a distinct 
sulfurous odor.
Solution of the limestone with 10% HC1 resulted in a residue 
consisting of a brown gelatinous material, fine quartz, and 
coarse white fragments, 0 .1mm in diameter containing pyrite 
and an unidentified blue coating. The undissolved residue 
constituted less than 5% of the original limestone. X-ray 
diffraction analysis confirms petrography.
Photomicrograph 18: Leadville Limestone
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Photomicrograph #9; Trona, Green River, Wyoming
T r o n a ,  9 5 % ,  b r o w n ,  v e r y  c o a r s e  g r a i n e d ,  w i t h  i n d i v i d u a l  c r y s ­
t a l s  u p  t o  3 c m  l o n g .  T h e  r o c k  e x h i b i t s  a n  o v e r a l l  b a n d e d  a p ­
p e a r a n c e ,  w i t h  b a n d s  o f  l o n g  b l a d e d  c r y s t a l s ,  u p  t o  3 c m  l o n g ,  
o r i e n t e d  p e r p e n d i c u l a r  t o  b a n d i n g ,  a l t e r n a t i n g  w i t h  b a n d s  2 c m  
w i d e  c o n s i s t i n g  o f  s m a l l e r ,  p o o r l y  o r i e n t e d  c r y s t a l s .  E u h e -  
d r a l  t o  s u b h e d r a l  t a b u l a r  c r y s t a l s  o c c u r  a s  i n t e r l o c k i n g  r a ­
d i a t i n g  a n d  s h e a f - l i k e  c l u s t e r s  ( F i g ,  1 ) .  V e r y  f i n e  g r a i n e d ,  
0 . 0 0 2 m m  b r o w n  t o  b l a c k  m a t e r i a l  o c c u r s  i n s t t i t i a l  t o  t r o n a  
c r y s t a l s  ( F i g u r e  2 ) ,  T h e  l a t t e r  m a t e r i a l  i s  c o n c e n t r a t e d  i n  
t h e  l e s s  c o a r s e  t r o n a  a t  t h e  c o n t a c t  w i t h  t h e  b a n d s  o f  l a r g e  
o r i e n t e d  c r y s t a l s .  X - r a y  d i f f r a c t i o n  a n a l y s i s  c o n f i r m s  p e t r o ­
g r a p h y  .
Photomicrograph #9: Trona
Photomicrograph #10: Fremont Dolomite, Buena Vista, Colorado,
U, S, Steel Quarry
Dolomite, light gray, fine grained. Dolomite, 95%, 0.1 to 
0 .4mm, as tightly interlocking euhedral to subhedral grains, 
recrystallized; dolomite grains contain very small, 0 .002mm 
unidentifiable inclusions, Open pore spaces, 5%, up to 0.4mm 
in diameter, irregular walls of interlocking carbonate grains. 
Small fractures up to 0.01mm wide containing brown iron stain­
ing? fractures cut across grains. X-ray diffraction analysis 
confirms petrography.
Photomicrograph #10: Fremont Dolomite
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Photomicrograph #11; Manitou Dolomite, Canon City, Colorado
Dolomite, pink, very fine grained. Dolomite, 85%, 0.1 to 0,15 
mm, as interlocking euhedral to subhedral grains commonly with 
poorly defined, intergrown edges suggesting recrystallization. 
Calcite, 5%, 0.1 to 0.22mm, irregular patchy grains intergrown 
with dolomite. Quartz, 5%, 0.5 to 0.1mm, subrounded to sub- 
angular, with edges showing partial replacement by dolomite. 
Open pore spaces, 5%, 0.3 to 1.5mm, smooth to irregular walls 
of interlocking carbonate grains. Some pores contain irregu­
lar patches of opaque to brown translucent unidentifiable ma­
terial (Figure 8 ). The latter is also found to occupy small 
fractures, as small, 0 .002mm, spherical masses along grain 
boundaries, and as small inclusions, less than 0 .002mm, within 
and concentrated at the center of dolomite crystals. X-ray 
diffraction analysis confirms petrography.
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Photomicrograph #11: Manitou Dolomite
Photomicrograph #12; Mohogany Zone Oil Shale, Rifle, Colorado
Shale, very fine grained laminated, continuous to discontinuous 
lenses 0.3 to 2mm wide of low organic content are contained 
within wider bands of organic-rich material. Dolomite, 40 to 
60%, 0.004 to 0.008mm, euhedral rhombohedral crystals. Quartz, 
1 0 %, 0.01 to 0 .02mm, rounded to subrounded equant grains. 
Matrix, 10 to 30% unknown, white transparent isotropic (x- 
ray diffraction analysis indicates at least some of this ma­
terial to be analcite). Organic material, 10 to 40% as semi- 
continuous brown translucent filaments, 0 .001mm wide, insti- 
tial to dolomite; also occurs as black opaque clots 0 . 001 to 
0.02mm in diameter in the organic-rich bands. X-ray diffrac­
tion analysis confirms petrography.
Photomicrograph #L2: Mohogany Zone Oil Shale
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Photomicrograph #13: Yule Marble, Marble, Colorado
M a r b l e ,  m e d i u m  g r a i n e d ,  w h i t e  r e c r y s t a l l i z e d .  C a l c i t e ,  1 0 0 % ,  
0 . 5  t o  1 . 0  m m ,  a s  i n t e r l o c k i n g  a n g u l a r  g r a i n s  w i t h  p o o r l y  d e ­
f i n e d ,  i n t e r g r o w n  e d g e s .  C a l c i t e  c o m m o n l y  e x h i b i t s  t w i n n i n g  
i n  o n e  a n d  t w o  d i r e c t i o n s  ( F i g u r e  9 ) .  N o  d e t e c t a b l e  o p e n  
p o r e  s p a c e s .  X - r a y  d i f f r a c t i o n  a n a l y s i s  c o n f i r m s ,  p e t r o g r a p h y .
P h o t o m i c r o g r a p h  # 1 3 :  Y u l e  M a r b l e
T-1759
APPENDIX C
TABULATED DATA OF DRILLING RESULTS
The following is a computer listing from the SS program 
of the data obtained from uniaxial compressive tests. This 









Table 3 contains the results of these tests for the 
seven rock types drilled.
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....---- .. SANDS is)0 • 1 —
AREA ■ 1.565 X 1.566 SQ.IN. LENGTH « 3.084 IN. 
NO OF READINGS a „15 MAXIMUM load a 15900 LBS,
LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/IN)
1000 , 1. 408. 0,00032
2000. 65. 816. 0,02108
3000. 81. 1224, 0.02626
4000. 96. 1632, 0.03113
5000. 103, 2040, 0.0334?
6000. 111. 2448. 0.03599
7000. 123. 2856. 0,03988
8000. 133. 3264, 0,04313
9000. 141. 3672. 0.04572
10000, 149. 4080, 0.04831
H000, 156. 4488. 0.05058
12^00, 164. 4896. 0.05318
13D00. 173. 5304, 0.05610
14000. 182. 5712. 0.05901
15000. 189. 6120. 0.06123
ULTIMATE STRENGTN * 6488, (LBS/SO.IN.)
SANDS NO, 2
AREA a 1.564 X 1,537 SQ.JN, LENGTH a 3.100 IN,
NO or READINGS s 16 MAXIMUM LOAD * 16700 LBS,
l o a d<l b> DEFORM,(THSIN) STRESSU8/SQIN) STRAIN(IN/IN)
1*00. 1. 416. 0.0003?
2000. 53. 832. 0.0171?
3000» 110.' 1248, 0.03548
4000. 111. 1664, 0.03581
5000. 118. 2060, 0.03806
6000, 127. 2496, 0.04097
7000. 137. 2912. 0.04419
8000, 148. 3328. 0.04774
9000. 157. 3744, 0.05065
10000, 166. 4160. 0.05355
11000, 174. 4576. 0.05613
12000. 181.' 4992. 0,05839
13000. 190.' 5408. 0,06129
14000. 198. 5824. 0,06387
T=T759 11815307. 209. 6240. 0,0674216300, 219. 6656.' 0.07065ULTIMATE STRENGTH • 6947, (LBS/SQ.IN.)
\
 : SANDS NO, 3- - - ---- -
AREA a 1.564 X 1.571 SQ.IN. LENGTH a 3.009 IN.
NO OF READINGS a 17 MAXIMUM LOAD a j,7900 LBS.
LO a D(LB) DEFCRM, (THSIN) STRESS(LB/SQIN) STRA IN( I N/INJ
1000, 1 . 407. 0.00033
2000. 6 1 . 814, 0.02027
3000. 79. 1 2 2 1, 0.026254 000. 8 6 . 1628, 0,028585000. 93. 2035, 0,0309i6000. 99. 2442. 0,032907000, 108. 2849, 0.035898000. 115. 3256, 0,038229000. 1 2 1. 3663, 0,04021
10000, 129, 4070. 0,04254
11000, 135. 4477, 0,04487
12000. 143. 4884, 0.0475213300. 150. 5291, 0,0498514300. 158. 5698, 0.0525115000. 165. 6105, 0,0548416000. 174. 6512. 0.0578317000. 1 8 6. 6919, 0,06181
u l t i m a t e STRENGTH = 7285, (LBS/SQ,IN,)
 ; s a n o s  n o , 4- - - -------
AREA » 1,519 X 1.566 SQ.IN, LENGTH a 3.084 IN, 
NO OF REAOlNGS a 18 MAXIMUM LOAD a j.8400 LBS.
LO a O(LB) OEFORM,(THSIN) STRESS(LB/SQIN> STRAIN(IN/IN)
1000. 1. 420, 0,00032
2000. 51, 841, 0,01654
3000. 70. 1261, 0,02270
4000. 78. 16 8 2, 0.025295000. 85. 2102. 0,02756
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60 0 2, 94. 2522, 0.030487202. 107, 2943. 0,034728002, 116. 3363. 0.03761
9202. 125. 3783. 0.04053
10002. 133. 4204. 0.04313
11000. 141. 4624, 0.04572
12020. 149. 5045. 0.0463113200.'' 157. 5465. 0.0509114000. 165. 5885. 0.0535215002. 173. 6306, 0.0561316020. 1 8 2. 6726. 0.05901
17000. 191 7147. 0,06193
18000. 2 0 0. 7567. 0.06465
ULTIMATE STrENGTH a 7735. <LBS/S0.IN.)
— : sands n o * 5 ----- -
AREA = 1.523 X 1.580 SQ.IN. LENGTH a 3.082 IN. NO OF READINGS a 16 MAXIMUM LOAD * 16100 LBS,
IO a D(LB) DEFORM,(THSIN) S T R E S S a B / S Q I N ) STRAIN!IN/IN)
10 0 0. 1 . 416. 0.00032
20 0 0, 51. 831. 0,01655
3000. 75. 1247. 0.024334020. 8 2 . 1662. 0.02661
5300. 93. 2078. 0,030136300. 1 0 0. 2493. 0.032457000. 1 1 0. 2909. 0.035698000. 117.' 3325. 0.037969000. 126, 3740. 0.0406318000. 136. 4156. 0.0441311308. 144. 4571. 0.04672
12000. 153. 4987, 0,0496 413200. 164. 5402. 0.0532114000, 173. 5816. 0.0561315030. 1 8 1, 6234, 0.05873
16008. 198. 6649, 0.06424ULTIMATE STRENGTH a 6691, (LBS/SQVIN ,)
S A N D S NO* 6 ■•»«•»•••»••«•
AREA « 1.505 X 1.593 SQ.IN, LENGTH a 2.976 JN.
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NGS ■ 14 MAXIMUM LOaO a 14900 LBSV
LOAD(LB) DEFORM,(THSIN) STRESS<LB/SQIN) STRAIM <IM/IN)
1000. 1. 417, 0.00034
2000. 76. 834, 0.02554
3000.N 89. 1251, 0,02991
4000. 98. 1668, 0.03293
5000. 106. 2086. 0.03562
6000. 115, 2503, 0.03864
7000. 125. 2920, 0.04203
8030. 135. 3337, 0,04536
9000» 142. 3754, 0.04772
10300, 150, 4171. 0,0 5 0 4
11000. 158, 4580. 0,05309
12033• 165. 5005. 0.05544
13303. 175. 5422. 0.05880
14303. 193. 5840, 0.06384
ULTIMAj E STREfoGTH = 6215. (LBS/SO.'IN..)
—  s a n d s  n o , 7 ------------
AREA ■ 1,567 X 1.547 SQ.IN, LENGTH s 3.075 IN. 
NO OF REAOINGS s 16 MAXIMUM LOAD , 165Z0 LBS.
l q a o u b ) DEFORM,(THSIN) STRESS(L8/SQIN) STRAIN(IN/IN)
1000. 1. 413. 0.00033
2300. 82. 825. 0.02667
3000. 92. 1238. 0.02992
4300. 99. 1650. 0 • 0322?
5300. 106. 2063. 0.03447
6000. 114. 2475. 0,03707
7300. 123. 2888. 0.04000
8000. 132. 3300. 0.3429.3
9333. 139. 3713. 0.0452 ,■ *
10000, 146. 4125. 0.04748
11300 t 153. 4538, 0.04976
12000, 161. 4950, 0.05236
13000. 170. 5363. 0.05528
14000. 178. 5775. 0.05789
15000. 186. 6188. 0.06049
16000. 194. 6600. 0,06309
ULT IMATE STRENGTH s 6807, (LBS/SQ.IN.)
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SANOS H O *  8
ApT A a




X 1.554 SQ.IN,MAXIMUM LOAD
LENGTH a 3.099 IN. 
16800 LBS.
LO a O(LB) DeroRM,(THSIN) STRESS(LB/SQIN) STRAIN* IN!
1000. 1 . 406 * 0.00032
2 0 00. 52. 813. 0.01678
3000. 62. 1219. 0.020014000. 69, 1625, 0.022275300. 74, 2031. 0,02388
60 0 0. 8 2 . 2438. 0.026467000, 92. 2844. 0.029698000. 1 00. 3250, 0.032279000, 104. 3656. 0.03356
10000. 108. 4063. 0.03485
11000. 1 21, 4469. 0.03904
12000. 129. 4875. 0.0416313000. 139, 5281. 0.0448514000. 149. 5688. 0.0480315000. 1 6 1, 6094, 0.05195
16000. 175. 6500. 0.05647ULTIMATE STRENGTH 5 6825, (LBS/SQ.IN.)
-----— - SANDS NO, 9
AREA * 1.580 X 1.538 SQ.IN, LENGTH a 2.882 IN. NO OF READINGS a 15 MAXIMUM LOAO a 15800 lBS.
LO a D(LB) DEFORM;(THSIN) STRESS(LB/SQIN) STRAINC I V I N )
i m . 1 . 412. 0 ,00033
20 0 0. 40. 823. 0.01388
3000. 5 l , 1235. 0.017704000. 58. 1646. 0,02012
5000. 68'.’ 2058, 0,02359
6 0 0 0. 76. 2469, 0,026377000. 8 6. 2 8 81. 0,029848000. 97. 3292. 0.033669000. 103. 3704. 0.03574
10000• 113. 4115. 0.03921
11 000. 1 2 1. 4527. 0.04198
12 000. i30.; 4938. 0.04511
13000. 136. 5350. 0,0471914000. 146’. 5761. 0.05066
15000. 156. 6173. 0.05413
T-1759 122Ultimate strength s 65 0 2. <lbs/sq,in.>
N
SANDS NO* 10
AREA * 1*563 X 1*551 SQ.IN* LENGTH = 3.135 IN, NO OF READINGS a 14 MAXIMUM LOAD a *4500 LRS.
IO a DILB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/IN)
10 0 0. 1. 413. 0,00332
2000 , 51. 825, 0.01627
3000. 67, 1238, 0.021374000. 76. 1650, 0,02488
5000. 89. 2063, 0.02839
60 00. 99. 2475. 0,03l5 3
7000. 1 1 0. 2888. 0,035098000. 1 2 0, 3300, 0,038289300, 132. 3713. 0,04211
10200. 141. 4125. 0.0449811300. 153. 4538, 0.04880
12300* 1 6 2. 4950, 0.0516713303. 170. 5363. 0.0542314000. 1 8 6. 5775. 0*05933ULTIMATE STRENGTH = 5981, (L8S / S Q .IN,)
MARB8 NO.
ARFa a 1,533 X 1.545 SQ,IN, 
0 OF READINGS a 17 MAXIMUM LOAD
LENGTH a 2.952 IN, 
17220 LBS.
LO a O(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN<IN/IN)
10 00, 1 . 431. 0.00034
2 0 00. 34. 8 6 1, 0,01152
3000. 60, 1292. 0.020334003, 74. 1723. 0.025075000. 83. 2153. 0.028126003, 90, 2584, 0,030497000. 99. 3014, 0,033548000. 1 0 6, 3445. 0.035919000, 1 1 2. 3876. 0.03794






















— ---- ; maRbb no. 2 — -— ■-
AREA a 1.584 X 1.509 SQ.IN, LENGTH 3 3.062 IN. 
NO OF READINGS s 17 MAXIMUM LOAD 4 *7600 LBS.
LO a D(LB) DEFORM, (THSIN) STRESS (.LB/SQI N) STRAIN? IN/IN)
10 0 0, 1 . 418, 0.00033
20 0 0. 8 1 . 837. 0.02645
3000. 103. 1255. 0.033644 2 0 0. 113. 1673. 0.036935003, 1 2 0. 2092, 0.03919
6000 , 126. 2510. 0,341157 0 3 0. 134. 2929. 0.343768200. 140. 3347, 0.045729000. 145. 3765, 0,04735
10000. 150. 4184, 0,04899
li0 0 0. 155, 4602. 0,0506212003. 1 6 1. 5023. 0.0525813002. 1 6 6. 5439. 0.0542114000. 171, 5857. 0.05585
15*02. 177. 6275. 0.0578116200. 184. 6694, 0.3600917000. 194. 7112. 0.06336
u l t i m a t e STRENGTH s 7363, (LBS/SQ.IN.)
• MARB8 NO • 3 mmmmmmmrn,
AREA ■ 1,650 X 1.599 SO.IN, LENGTH a 3.143 IN, 
NO OF READINGS a 18 MAXIMUM LOAO a 18900 LBS'.
LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/IN)
T-1759
1300. 1.



















1137. 0.:i248 ?1516. 0.028321895. 0.031182274. 0,034682653. 0.039133032. 0.042633411, 0.0455?3790, 0,048364169, 0.050914548, 0.0528?
4927. 0.055365306. 0.05822
5685. 0.063456064. 0.062686443. 0.064916822. 0.06745
7164. (LBs /SO'.IN.)
m ARBB n o .
AREA * 1.507 X 1.573 SQ.In. LENGTH a 2.820 IN. NO OF READINGS s 16 MAXIMUM LOAD * 16700 LOS.
LO a D(LB) DEFORM.(THSIN) STRESS(LB/SQIN) STRA IN(I N/1N )
1003, 1 . 422. 0.00035
20,0 0 . 6 1 . 844. 0.02163
3000. 78. 1266, 0.027664000. 8 6 . 1687. 0.030505003. 91. 2109. 0.03227
60 00. 98. 2531. 0.034757000. 107. 2953. 0.037948003. 114. 3375, 0.043439300. 123. 3797 . 0.04255
10000. 1 2 6. 4213. 0.04468
11 000. 132. 4640. 0.0468112300, 139, 5062. 0.0492913000. 144. 5484. 0.0510614000. 151. 5906. 0.0535515003. 159. 6328. 0.05638
16000. 1 6 8. 6750. 0.05957
ULTIMATE STrENGTH a 7045, (LBS/SQ.IN.)
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----------------- ;  k a r b b  ■' jo, 5 --------------------
ARE.A a 1.560 X 1.517 SQ.IN, LENGTH a 2.976 IN, 
NO OF READINGS a 16 MAXIMUM LOAD a j.6900 LBS.
\
LO a D(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN* IN,
1300. 1. 423, 0.00034
2000. 74. 845, 0.02487
3000. 96. 1268. 0.03226
4000. 106. 1690. 0.03562
5000. 113. 2113. 0.03797
6000. 123. 2535, 0.04133
7000. 132. 2958. 0,04435
8000. 139. 3380. 0.04671
9000 • 146. 3803. 0.04906
10000. 152, 4226. 0.05108
11030. 163. 4648. 0.05376
12000. 168. 5071. 0.05645
13000. 173. 5493. 0.05813
14003. 180. 5916, 0.06048
15000. 187. 6338. 0.06284
16000. 196. 6761. 0,06586
ULTIMATE STRENGTH a 7141. (LBS/SQ.IN.)
 — -I MARBB NO. 6 ---------
AREA a 1.664 X 1.500 SQ.IN. LENGTH = 3.056 IN.
NO OF READINGS a 13 MAXIMUM LOAO a j.8400 LBS.
LO a O(LB) DEFORM,(THSIN) STRESSUB/SQIN) STRAIN*IN/IN)
1002. 1. 401. 0.00033
270:?. 54. 801. 0.01767
3300. 80, 1202. 0,02618
4200. 9 l , 1603, 0.02978
5300. 96. 2003. 0.03141
6000. 103. 2404. 0.03377
7000. 110. 2804, 0.03599
8000. 116'. 3205. 0.03796
9000. 122. 3606. 0.03992
10000. 128. 4006, 0,04188
Ii000, 133.’ 4407. 0.04352
12000. 139. 4808. 0,04548
13000. 145. 5208. 0.04745
14000. 151. 5609, 0.04941
15000. 158'. 6010, 0.05177
16000. 164.’ 6410. 0.05366
T-1759 126
17000. 171. 6811. 0.05596
18000. 181. 7212. 0.05923. IL T I ate: ',T*e CTH = 7372. < LB3/S J . IN . )
\
--------Z HARBS M O i 7 ---------
AREA * 1.500 X 1.495 S 3 . In . l En GTH a 2.966 In . NO OF RE a OINGS * 16 MAXIMUM L O a O a 16200 L B S ,
LQa O(LB) DEFORM,(THSIN) STRESS(L3/SQIN) STRAIN(IN
100?, 1. 446. 0.00034
2300. 52, 392. 0.01753
3^00. 59. 1338. 0,01989
4000. 68. 1784, 0.02293
500?. 74. 2230. 0.02495
6000. 82. 2676, 0.02765
•7000. 90'. 3122. 0.03034
8000. 97. 3567, 0.33270
9000. 103. 4013. 0.33473
10000. 108. 4459, 0.23641
11000. 113. 4905 ̂ 0.03812
12300. 120. 5351, 0,04046
13000. 126. 5797, 0.04248
14003. 132. 6243. 0.04453
15000. 141. 6689, 0.04754
16300. 152. 7135. 0.05125
ULTIMATE STRENGTH s 7224. (LBS/SO.IN.)
MARBB N0 * 8
AREA * 1.488 X 1.465 SQ.IN, LENGTH a 3.010 IN. 
NO OF READINGS a 15 MAXIMUM LOAO a 15400 LBS.
LOa D(LB) d e f o r m , (THSIN) STRESSdB/SQIN) STRAINItN/IM
i?80, 1. 459, 0,00033
2003. 36. 917. 0.01196
3000. 51. 1376. 0.01694
4000. 60', 1835. 0.01993
5000. 66. 2294. 0.02193
6300. 71, 2752, 0.02359
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7000. 78. 3211. 0.02591
8000. 85. 3670. 0.02824
90. 4129. 0.0299
1003-/. 95. 4587. 0.03o,56
11000. 101. 5046. 0.03353
12000. 107. 5505. 0.03555
13000. 114. 5964, 0,03787
14000.N 122. 6422. 0.04053
15000. 133. 6881. 0.04419
u l t i m a t e STRENGTH = 7064. (LBS/SO.' IN.)
 ----- 1 k ARBB NO* 9-------------
AREA a 1,550 X 1.530 SQ.Inj, LENGTH a 3,040 In.
NO OF READINGS S 17 MAXIMUM LOAD s j.7600 IBS.
LO a O(LB) DEEORM.(THSIN) STRESS(LB/SQIN) straznc in
1000. 1, 422, 0,00033
2000. 45. 843. 0.01483
3000. 52, 1265, 0.31711
4000. 59. 1687, 0.01941
5030. 64. 2108, 0,02105
6000. 69 V 2530. 0.02273
7000. 76. 2952. 0.02503
8000. 83. 3373. 0.02733
9000. 89, 3795. 0.02928
10000, 95, 4217. 0,03125
11000. 100. 4638. 0.03289
12000. 108. 5063, 0.03553
13000. 114, 5482. 0.03753
14000. 121. 5903. 010398-*
15000. 130, 6325, 0.04276
16000. 140, 6747. 0.04605
17000. 149, 7168, 0.04901
U L T I?1ATE STRENGTH = 7421, (LBS/SQ.IN.)
-------- Z mARBB NO. 10 ---------
AREA a 1,511 X 1.504 SQ.IN, LENGTH a 2,934 IN.
KlO OF READINGS a 16 MAXIMUM LOAD a 16200 IBS'.
T-1759 128
LOAO( l B) DEFORM,<THSJn> STRESS<LB/SqIN> STRAlNtIM/ IN)
<4J. ft 4 4 . 0.0003 4
?.?$?.. 42. 880, 0 , 0 1 h 3 13000. 53. 1320. 0,018064000. 59. 1760. 0.02311
5000. 62. 2200. 0.02113
6 0 0 0 .N 67. 2640. 0.022847000. 75. 3080, 0.02556
8000. 8 1 . 3520. 0.027619000. 88. 3960. 0.02999
10000. 94. 4400, 0.03204
11000. 100. 4840. 0.03408
12002. 106, 5280. 0.0361313000. 112.' 5720. 0,0381714000. 119, 6160, 0,04056
15000. 127. 6601, 0.04329
16000. 135. 7041. 0.04601
u l t  *m a j e STrE^GTH = 7129, (LBs/sQ.IN.)
 — : s h a l e  n o , i -------
AREA « 1.576 X 1.599 SQ.IN. LENGTH a 3.113 IN. NO OF READINGS a 37 MAXIMUM LOAD = 37903 LBS.
LOAD<LB> DEFORM,(THSIN) STRESS(L3/SQIN) STRAIN<IN/IN)
1000 • 1. 397. 0.00032
2000. 37. 794, 0.01189
3000. 54. 1190, 0.017354 000. 68. 1587. 0.021845000 . 79. 1984, 0.02538
6003. 91. 2381. 0.029237000. 106. 27 78. 0 .034058000. 120, 3175. 0.038559000. 130'.' 3571. 0.04176
10000. 139. 3968. 0,04465
11000• 147. 4365. 0.04722120007 155.' 4762. 0.04979
13000. 163. 5159. 0.0523614000. 179. 5556. 0.0575315000. 192. 5952. 0.06168
16000. 208, 6349, 0.0668217000. 218.' 6746. 0.0700318000. 227. 7143. 0.0729219000. 238, 7540, 0.07645
20000. 246, 7936. 0.07902
21000. 255. 8333. 0.08191
22200. 266. 8730. 0.08545
23000. 278, 9127. 0.0893724000. 288. 9524. 0.09252
T-1759 129
25300. 300. 9921, 0.09637
2 6 ^ ? . 310. 10317. 0.09953
2 7 " . 320. 10714. 0.1027
2 8 2 2 ? , 3 3 3. 11111. 0.10601
29000. 347. 11508, 0.11147
30000. 362, 11905. 0.11629
31000.. 383, 12301, 0.12303
32000.n 400« 12698. 0.12849
33000. 425, 13095. 0.13652
34000. 448. 13492. 0.14391
35000. 475, 13889. 0.15259
36000. 516, 14286. 0.16576
37030. 552, 14682. 0.17732
ULTIMATE strength = 15040, (LBS/SO'. IN.)
-- ----- ; SHAL E m o . 2
AREA = 1. 580 X 1.592 SO.IN, LENGTH = 3. 098 IN.NO or READINGS s 40 MAXIMUM LOAO a 40000 LBS,
LOAD(LB) OEFORMt(TNSZN) STRESS(LB/SQIN) STRAIN* IN/IN)
1000. 1. 398. 0,00032
2000. 43. 795, 0.01388
3000. 63. 1193. 0.02034
4000. 76. 1590, 0.02453
5000. 89. 19 88. 0.02873
6000. 98. 2385. 0.03163
7000. 110. 2783, 0,03551
8000. 123. 3180, 0.03970
9030. 133.' 3578, 3.04293
10 7 0 0. 138. 3976. 0.04454
11000, 147. 4373, 0.04745
12300. 160. 4771. 0.05165
13333. 172. 5168, 0.05552
14333. 180. 5566. 0.05810
15333. 191. 5963. 0.06165
16300. 207. 6361, 0,06682
17330. 219, 6758, 0.07069
18000. 226.’ 7136. 0.07295
19300. 236. 7554. 0.07619
20303• 248, 7951. 0.08005
21300, 257. 8349, 0.08296
22300. 267. 8746, 0,08618
23330. 280. 9144. 0.09038
24303. 290. 9541, 0,09361
25000. 305. 9939. 0.09845
26030. 317, 10336, 0.1023?
27300. 330', 10734, 0.10652
28002« 340, 11132. 0.10973
29000. 350. 11529. 0.11293
T-1759 130
30903. 365. 11927. 0.11782
31 3 0 • 378. 12324. 0,12201
3? 393. 12722. P,12686
33^00• 405, 13119, 0,13073
34000. 422. 13517. 0,13622
35.300. 438. 13915, 0.14138
36300. 454. 14312. 0,14655
37300.N 473. 14710, 0.15268
38003. 500, 15107. 0,16139
39000. 525. 15505. 0.16946
4 0 0 0 0 , 568'. 15902. 0.18334
ULt I^Aj E STRE>jGTH s 15902. <LBs/sQ.'IN.)
---------  SHALE NO* 3     —
AREA * 1.513 X 1.594 S3.IN. LENGTH a 3.053 IN.
NO OF READINGS a 32 MAXIMUM LOAD a 32800 LBS,
LOa O U B )  DEFORM.(THSIN) STRESS(LB/SQIN) STRAIN!IN/IN)
1000, 1. 415. 0.00033
2000, 40. 829. 0.01319
3300. 61, 1244, 0,01998
4000, 80. 1659. 0.02620
5000. 90,' 2073. 0,02948
600P , 100. 2488. 0.03275
7000. 116. 2902, 0.03802
8000. 130. 3317. 0.04253
9000. 140.’ 3732. 0.04586
10000, 158. 4146, 0.05175
11000. 172. 4561. 0.05634
12 ? 2 P . 189. 4976. 0.06191
13000. 204, 5390, 0,06682
14000. 222. 5805. 0,0727?
15000. 243. 6222, 0.07959
167*/. 26?. 6634. 0.0853?
17000. 290. 7049. 0,09499
18000. 314. 7464. 0.10289
19030, 332. 7878, 0.10609
20000. 353. 8293. 0*11562
21000. 380. 8707. 0,12447
22900, 401. 9122. 0*13135
23030. 433. 9537. 0,14183
24000, 461, 9951. 0*15100
25003. 490. 10366. 0.16057
26000. 522. 10781, 0.17098
27000. 560. 11195. 0.18343
28000. 595. 11610. 0.19489
29900. 620. 12025. 0*20308
30009. 652. 12439. 0.21356
31300. 706, 12854. 0*23125
T-1759 131
32000. 760. 13269. 0.24894
ULTIMATE STRENGTH = 13600. (LBS/SQ.IN.)
---------  SHALE NO. 4 --------
AREA = 1.540 X 1.551 SQ.IN, LENGTH s 3.030 IN.
NO OF READINGS s 33 MAXIMUM LOAD « 33333 LBS.
LO a O(LB) DEFORM.(THSIN) STRESSCLB/SQiN) STRAIN<IN/IN)
1000 , 1. 419. 0.00033
2000, 56. 837. 0.01848
3202. 72. 1256. 0.02376
4000, 83, 1675. 0.02739
5000 • 89. 2093. 0.02937
6000. 96. 2512. 0.03168
7000. 104, 2931, 0.03432
8000. 110. 3349. 0.03630
9000. 125, 3768. 0.04125
10000, 135. 4187. 0.04455
11000. 147. 4605. 0,04851
12000. 159, 5024. 0.05249
13003. 171, 5443. 0»0564 4
14002. 181, 5861, 0,05974
1500-0. 193. 6280, 0.06370
16000. 204. 6699, 0,06733
17000. 215. 7117, 0,37096
1800?. 229. 7536. 0.07555
19000. 240. 7955. 0.07921
20000, 253. 8373. 0,08350
21000. 264. 8792, 0,08713
22003. 278. 9211. 0.09175
2300K. 315. 9629, 0.10396
24000. 322. 10048, 0.10627
25000. 329, 10467. 0,10858
335. 10885. 0.11056
27"/.'. 355. 11304. 0,11/16
28000. 374, 11723. 0.12343
29000. 390, 12141, 0.12871
30000. 415, 12560. 0,13696
31000. 445. 12979. 0.14686
32000. 464*. 13397, 0.15314
33000. 525. 13816. 0,17327
u l t i m a t e s t r e n g t h  s 13942. (LBS/SQ.IN.)
T-1759 132
-------------------- SHA LE '10 • 5 --------------------
AREA « 1.527 X 1.554 SQ.In . l eNGTH a 3.151 In .
NO OF READINGS- * 33 MAXIMUM LO a O » 33703 LBS'.
\
LOa D(LB) DEEORM,(THSIN) STRESS(LB/SO IN) STRA IN(I ‘VI  N )
1000, 1. 421. 0.0003?
2000, 50. 843. 0.01587
3000. 68. 1264. 0.02158
4000 * 79. 1686. 0.02507
5000, 93 . 2107. 0.02951
6000. 105, 2528. 0.0333?
7000. 117. 2950. 0.03713
8000. 128. 3371. 0.04062
9000, 138. 3793. 0.04380
10000, 158. 4214. 0.04768
11000. 1*1. 4636 a 0.05109
12000. 172, 5057. 0.05459
13000. 183. 5478. 0.05808
14000. 195. 5980. 0.06189
15000. 204. 6321. 0.06474
16000. 217. 6743. 0.06887
17000. 228. 7164. 0.07236
18000. 238. 7585. 0.07553
19000. 249. 8007. 0,07902
20000, 262. 8423. 0.08315
21000. 274. 8850. 0.08696
22000. 276. 9271. 0.08759
23000. 287. 9693. 0.09108
24000. 297. 10114. 0.09426
25000. 309. 10535. 0.09806
26300. 320. 10957. 0,10156
27000. 334. 11378. 0.10600
28000, 347. 11880. 0.11012
29000. 359. 12221. 0.11393
30000. 374. 12642. 0.11869
31000. 390. 13864, 0.12377
32300. 410. 13485. 0.13012
33000. 448. 13907. 0.14218
u l t i m a t e STRENGTH = 14202. (LBS/SQ. IN. )
— ------ — SH*LE NO. 6 ~ — -
AREA « 1.586 X 1.573 SQ.IN. LENGTH * 3.146 IN,
NO OF READINGS ■ 35 MAXIMUM LOAD a 36000 LBS,
LOAO(LB) DEFORM. (THSIN) STRESS<L3/S01N> STRAIN< I>J/IN )
T-1759 133
1000, 1. 401. 0.3003?
2?00, 4 ? . 802, 0, .*1271
3/00. 61. 1203. 0.0193 9
4003. 79. 1603. 0.02511
5000. 96. 2004. 0.03051
6000. 115'. 2405. 0,03655
7300> 132. 2806, 0.04196
8000. 145, 3207. 0.04609
9*00. 167 V 3608, 0.05308
10000, 177. 4008, 0.05626
11000. 191, 4409, 0.06071
12/00. 208, 4810. 0.06612
13030. 220. 5211. 0.06993
14000. 231. 5612. 0.07343
15330. 241, 6013. 0.07661
16030. 254, 6413. 0,08374
17300. 266. 6814, 0.08455
18003. 278. 7215, 0,08837
19000. 289. 7616, 0,09186
20/02. 290. 8017. 0.09213
21300. 304, 8418. 0.39663
22300. 316. 8818. 0.10043
23300. 329. 9219. 0,10458
24330. 345. 9620. 0.10966
25000. 363. 10021. 0*11443
26000. 478. 10422. 0•15194
27008. 496. 10823. 0.15766
28830. 505. 11223. 0,16052
29800. 52l. 11624. 0.16561
30003. 536. 12025, 0.17033
31300. 548. 12426. 0.17419
32300. 562. 12827. 0,17864
33800. 583. 13228. 0.18436
34800, 596. 13628, 0.18945
35303. 615. 14029. 0.19549
u l t i m a t e STRENGTH = 14430. (LBS/SQ.IN.)
 ------  SHALE NO. 7  .----
AREA ■ 1.509 X 1.526 SQ.IN, LENGTH = 3.207 IN, 
NO OF READINGS a 32 MAXIMUM LOAD * 32203 LBS.
LOa O (LB) DEFORM’, (THSIN) STRESS! LB/SQ IN) STRA IN < IN/IN )
i.000, l', 434, 0.00031
2000. 47. 869, 0.0JL466
3000. 69, 1303. 0.02152
4003. 83. 1737.' 0.02588
5003. 120. 2171, 0.03118
























































 ----- : shale no. 5 ---------
AREA a 1.537 X 1.554 SQ.IN, LENGTH s 3.157 IN.
NO OF READINGS a 34 MAXIMUM LOAD a 34300 LBS.
LQ a O(LB) DEFORM,. (THSIN) STRESS(LB/SQIN) STRAIN<IN/IN)
1/00, 1. 419. 0,C0;:3?
2000. 67, 837. 0.02122
3000. 83. 1256. 0.02629
4002 93. 1675. 0,02946
5000. 127, 2093. 0.04023
6000 • 149. 2512. 0.04723
7000. 167. 2931. 0.05290
8003 • 185. 3349, 0.05860
9000. 190. 3768. 0.06018
10000, 214. 4187. 0,06779
11000, 224. 4605, 0.07099
12000, 235. 5024. 0.07444
13000. 247. 5443. 0.07824
14000. 258. 5861. 0.08172
15000. 270, 6280. 0.08552
16000. 283. 6699, 0.08964
T-1759 135
17003. 294. 7117, 0.09313
10003. 309, 7536. 0.09788
19^0/. 320, 7955. 0.10136
20^00, 332. 8373. 0.10516
21000. 344. 8792. 0.10896
22,000. 366, 9211. 0.11593
23300, 378. 9629. 0.11973
24300.s 391, 10048. 0.12385
25000. 404. 10467. 0.1279?
26000. 416, 10886. 0.13177
27000. 428, 11304. 0.13557
28000. 44 0, 11723, 0.13937
29000. 457. 12142, 0.14476
30000. 473. 12560, 0.14983
31000. 492. 12979, 0.15584
32000. 525. 13398. 0.16637
33^00. 560, 13816. 0.17733
34000. 593. 14235. 0.18784
ULTIMATE STRENGTH = 14360, (LBS/SQ.IN.)
— .... - SHAUE NO. 9
AREA s 1.583 X 1.589 SQ.IN. LENGTH s 3.121 IN.
NO OF READINGS = 37 MAXIMUM LO a O * 37200 LBS'.
LQ a O(LB) DEFORM,(THSIN) STRESS ( LB/SQIN) STRAJN<IN/IN)
i000, 1. 398. 0.00032
2000 . 49. 795. 0.01570
3000. 64, 1193. 3.02051
4003, 79. 1590. 0.02531
50 0? . 96. 1988. 0.03H76
6000. 110. 2385. 0.03525
7000. 124. 2783, 0.03973
8000. 138’, 3180, 0.04422
9207. 151. 3578. 3 .0463"*
10000. 165, 3976. 0.05287
11000. 178, 4373. 0.05703
12000. 193. 4771. 0.06184
13000. 208. 5168. 0.06665
14000. 220. 5566. 0.07049
15000. 236. 5963. 0.07562
16000. 249, 6361, 0.07978
17000. 262. 6758, 0.08395
18000. 276. 7156. 0.08843
19000. 290. 7554. 0.09292
20000. 303. 7951. 0.09708
21000. 315. 8349, 0.10093
22^00. 328. 8746, 0.10509
23000. 342. 9144, 0.10958
24000. 357. 9541, 0.11439
T-1759 136
25000. 371. 9939, 0.1188726 w r . 387 . 10336, 0.1240*
7 1 . .599 , 10734. 0.1276*
28200• 416. 11131, 0.1332929000. 432. 11529. 0.1384230.000'. 452. 11927. 0.1448331000. 470, 12324. 0.15059
32000.N 487, 12722. 0.1560433000. 507. 13119. 0.1624534000. 522. 13517. 0.1672535000. 56l,' 13914. 0.1797536000. 597. 14312. 0.19128
37000. 655, 14709, 0.20987ULTIMATE STRENGTH = 14789, (LBS/SQ.IN.)
.- - - - - - ; shale no. 10  —
AREA * 1.559 X 1.521 SQ.IN. LENGTH s 3.205 IN.
NO OF READINGS * 33 MAXIMUM LOAO * 33600 LBS.
LOAD(LB) DEFDRM.CTHSJN) STRESS(LB/SQIN) STRA1NCIN/IN)
10 0 0, 1. 422. 0,00031
2 0 0 0, 71. 843. 0,02215
3000. 8 6 . 1265, 0.026834000. 1 0 0, 1687. 0.0312?!
5000. 113. 2109. 0.035266000. 129. 2530, 0.040257007. 141. 2952. 0.043998000, 152. 3374. 0.047439000, 165. 3795. 0,0514810700. 177. 4217. 0.05523
11000, 1 8 8. 4639, 0,05666
12000. 2 0 0. 5061. 0.0624013000. 213, 5482. 0 ,0664614707. 226. 5904, 0.0705115700, 239. 6326, 0.07457
16 000. 25l, 6748, 0,07832
17000. 263. 7169. 0.0820618000. 276. 7591. 0.0861219000. 2 8 8, 8013, 0,08986
20000. 300. 8434, 0.09360
21000. 311. 8856. 0,09704
22000. 323. 9278, 0,10078
23000. 335. 9700, 0,1045224000. 347. 10 121, 0,10827
25000. 359. 10543. 0.1120126000. 373. 10965. 0.1163827000. 386. 11386, 0,12044
28000. 400, 11808. 0,1248029000. 413. 12230. 0.12886
T-1759 137
30000, 429. 12652, 0.133853l?00, 452, 13073, 0.14103
32 ' / / : .  478 . 1 3 4 9 5 , 0.14914
33000. 520, 13917. 0,16225
ULTIMATE STRENGTH = 14170. (LBS/SQ.IN.) 
\
 ; m A n d o  n o . i ---- —
AREA * 1.575 X 1*520 SQ.In, LEnjGTH s  3.348 XM•NO OF READINGS c 25 MAXIHUM LOAD = 25400 LBS.
LO a D(LB) DEFORM,(THSIN) STRESS<L9/SQIN) STRAIN(IN/IN)
10 0 0, 1. 418. 0
20 00. 31. 835, 0
3 000, 49. 1253, 04000, 62. 1671. 05000. 71. 2089, 06003. 79. 2506, 07000. 8 6 . 2924. 08000. 94. 3342. 09000. 1 0 2. 3759, 0
10000, 108, 4177. 0
11000, 115. 4595. 0
12000. 1 2 1. 5013. 013000. 127. 5430, 014000. 135. 5848, 0
15000. 143. 6266, 0
16000. 153. 6683. 017000. 157. 7101. 018003. 164. 7519. 01920 a , 173. 7937. 0
20000. 175. 8354. 0
21000, 1 8 2. 8772. 022707. 1 8 6. 9193. 0
23707. 194. 9637. 024000. 198. 10025. 025000. 204, 10443. 0
u l t i m a t e STRENGTH = 10610, <l b s /s q V i n . >
00033 
01017 
01608 02034 02329 
32592 02822 33084 03346 03543 33773 03973 04167 04429 
04692 04921 05151 05381 05577 05741 05971 
06122 
3 6 3 6 
06496 
06693
— — — — — » MANDQ NO. 2 miwmmmmwm
AREA « 1.512 X 1.534 SQ.IN, LENGTH a 3,021 IN,
T-1759
NO OF READINGS n 34 MAXIMUM LOAD « 35000 LBS'.
138
.Oa QCLB) OEFORM, (THSIN)' STRESS(LB/SQIN) STRAINCIN
i-0 0 0, 42. 431. 0,01390
2000 .N 8 2 . 8 6 2, 0.02714
3000. 103, 1293, 0.034094000. 113. 1725, 0,03743
5000. 1 2 1. 2156, 0.04005
6 0 0 0. 127. 2587, 0.042047000. 137. 3018, 0.045358000. 145. 3449, 0.048039000. 152. 3880, 0.05031
10000, 157, 4311. 0.05197
11000, 164, 4743. 0,05429
12000. 170. 5174. 0.0562713000. 1 8 0. 5605, 0.05953
14000. 1 8 6. 6036, 0.0615715000, 191. 6467, 0.06322
16000. 197. 6898. 0.0652117300. 204, 7329. 0.06753
1$000. 2 1 1. 7761. 0,0698419000. 217. 8192. 0.07183
20000, 224. 8623, 0.07415
21000, 229, 9054. 0.07580
22000. 234. 9485, 0,0774623000. 240. 9916, 0.0794424303. 245, 10347. 0,08110
25020. 250, 10779. 0.08275
26000. 255'. 11210, 0.0844127000. 2 6 0. 11641. 0 .0860628003. 265. 12072. 0.0877229300, 270. 12503. 0.0893733000, 275. 12934, 0,0910331000. 2 8 0, 13365. 0,0926832000, 284. 13797. 0.09401
33303. 290. 14228. 0,0959934300. 311. 14659. 0.10295ULTIMATE STRENGTH = 15090. (LBS/SQ.IN.)
m ANq O NO* 3
AREA ■ 1.517 X 1.522 SQ.I n * LENGTH s 3.026 In *
NO OF READINGS ■ 30 MAXIMUM LOAD * 31900 LBS.
LOAD < LB) DEFORM, (THSIN) STRESS (LB/SQ IN) STRA IN (I Ni/1N >
1 0 0 0, 19, 433, 0.00628
20 0 0. 93, 8 6 6. 0.03073
3000, 107, 1299, 0.03536
T-1759 139
4000 ♦ 113. 1732. 0.03734
5^00. 117. 2166, 0.03866
121. 2599, 3,03999
7D00. 125. 3032. 0.04131
8000. 131. 3465, 0.04329
9000. 136'. 3898. 0.04494
10300^ 140. 4331. 0.04627
11000. 145, 4764. 0.04792
12000. 149. 5197. 0.04924
13000. 155, 5630, 0.05122
14000. 159. 6064 . 0.05254
15000. 163'. 6497, 0.05387
16000. 167. 6930, 0.05519
17000. 172. 7363, 0.05684
18000. 178. 7796. 0.05882
19000. 182, 8229, 0.06015
20000. 187. 8662. 0.06180
21000. 193. 9395, 0.06378
22000. 194, 9528. 0.36411
23000. 203. 9962, 0.06709
24000. 208, 10395. 0.06874
25000. 213. 10828, 0.07039
26000. 218. 11261. 0.07204
27000. 234. 11694, 0.07733
28000. 241. 12127. 0.07964
29000. 249. 12560, 0.08229
30000. 255. 12993. 0.08427ULTIMATE STrENGTH = 13816, (LBS/SQ.IN.>
HANDO N O i 4
AREA = 1.521 X 1.516 S 3 , In , LENGTH = 3.062 IN.NO OF READINGS b 35 MAXIMUM LOAD s 35100 LBS,
LO a O(LB) D E F O R M ,(TWSIN) STRESS(LB/SQIN) STRAIN* I V I N )
1000. 50. 434, 0.01633
20 0 0. 84. 867, 0,02743
3000. 99. 1301. 0.032334000. 1 1 2. 1735. 0,036585000. 123. 2168. 0,040176300. 130'. 2602. 0.042467000. 140. 3036. 0.045728003. 148. 3469. 0.048339000. 155. 3903. 0.0506210003. 163. 4337, 0.0522511003. 167. 4771. 0,05454
12000. 172. 5204, 0.0561713000. 176. 5638. 0.0574814300. 180'. 6072. 0.05879
15300. 185. 6505, '0.06042
T-1759 140
16300. 189, 6939. 0.0617217000. 193. 7373. 0.06303
18000. 198. 7806, 0.0646619000. 203. 8240, 0.066320300. 2 0 6. 8674. 0.06728
21 000. 213, 9107, 0.06956
22-0 0 0. 219. 9541. 0.0715223000. 2 2 1. 9975. 0.0721824000, 224, 10408, 0.07315
25000. 227. 10842, 0.0741326000. 233. 11276, 0.0760927000. 237. 11709. 0.0774028000. 242. 12143. 0,0790329000, 247. 12577, 0.0806730000, 253. 13010. 0.0826331000, 26i. 13444, 0.08524
32300. 2 6 6. 13878. 0,0868733300. 269. 14312. 0.0878534000. 274. 14745. 0.0894835000. 296. 15179, 0,09667ULTIMATE STRENGTH = 15 222. (LBs/SQ.IN.)
 -----1 MANDO m o , 5  ---
AREA a 1,539 X 1.522 SQ.IN, LENGTH = 3.061 IN.
NO OF READINGS * 30 MAXIMUM LOAD ■ 31000 LBS.
LO a O(LB) DEFORM.(THSIN) STRESS(LS/SQIN > STRAIN*IN/IN)
1 000, 17. 436, 0,00555
2^0 0 . 8 8 , 872. 0.028753000. 1 0 1. 1308. 0.033004000, 108, 1744, 0.23528
5000. 114. 21 80, 0,037246000. 1 2 1. 2616. 0.039537000. 126. 3052. 0.04116
O * »'■ . 134. 3488. 0.0437 89030. 139, 3924, 0.04541
10000. 144. 4360, 0,04704
11000. 149. 4796, 0.04863
12000. 152. 5232. 0,0496613000. 156. 5668. 0.0509614000, 1 6 0. 6104, 0.05227
15000. 164. 6540, 0.05358
16000. 168'. 6976. 0.0548817000. 171. 7412. 0.0558618000. 175. 7843. 0.0571719000. 18 0. 8264. 0.05880
20000. 184. 8720. 0,06011
21000, 1 8 8. 9156, 0,06142
22000. 192. 9592, 0,06272
T-1759 141
23^00. 196, 10028. 0.06403
24000, 201. 10464. 0.06566
25000. 206. 10900. 0.0673326000. 211. 11335. 0.060932700-4. 216. 11771. 0.;j7:’5 /28000. 222. 12207, 0.07253
29300. 226. 12643. 0.07383
30,000. 233. 13079. 0.07612ULTIMATE STrENGTH S 13515. (LBS/SG.IN.)
...... - l i m e s  NO, 1 ..... —
AREA 5 1.554 X 1.570 SQ.IN, LENGTH s 3.173 IN. NO OF READINGS = 43 MAXIMUM LQ a D « 43800 LBS,
LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) S T R A I N d N / I N )
1030, 1. 410, 0.00032
2000. 35. 820, 0*01103
3030. 47. 1230, 0.01481
4000, 56. 1639. 0.01765
5000. 61. 2049, 0.01922
6000. 65. 2459. 0.02049
7000. 73. 2969. 0.02301
8030 • 79. 3279. 0.02490
9000. 83V 3689. 0.02616
10000. 86. 4099, 0.02710
11030. 90. 4509. 0.02836
12000. 93. 4918, 0.02931
13330. 99. 5328, 0,03089
14300. 102, 5738. 0.03215
15330. 106. 6148. 0.03341
16330. 109, 6550, 0.03435
17300, 112. 6968. 0.03533
18000. 115. 7378. 0.03624
19000. 118. 7788. 0.03719
20030. 120. 8197, 0.03782
21030. 123. 8607, 0.03876
22003. 128. 9317. 0.04034
23330. 132'. 9427, 0.0416?!
24000. 136. 9837, 0.04286
25000. 140. 10247. 0.04412
26003. 143. 10657. 0.04507
27033. 147. 11067. 0,04633
28000. 150. 11476. 0.04727
29000. 152. 11886. 0,04790
30000. 154. 12296, 0.04853
31000. 158. 12706, 0.04983
32000. 160. 13116. 0,05043
33000. 163. 13526. 0.05137
34000. 168. 13936. 0.05299
T-1759 14235200, 172. 14346. 3,0542136000, 175. 14755. 0.05515179. 15165. 3. 056 41
38700. 1 8 2. 15575. 0.0573639000, 185. 15985. 0.0583340000, 1 8 8. 16395. 0,0592541030, 192. 16805. 0.0605142000 195. 17215. 0.06146
43000. 199. 17625. 0.06272ULTIMATE STRENGTH a 17992, <IBs/ s Q . IN. >
 : l imes no. 2 ----
AREA * 1,563 X 1.541 SQ.IM. LENG|H = 3.202 IN,NO Or READINGS s 45 MAXIHUM LOAD a 45800 L8S.
LOAO(LB) DEFORM,(THSIN) STRESS(IB/SQIN) STRAIN*IN/IN)
10 0 0, 1. 415, 0,000312030. 72. 830, 0.02249
3000. 74, 1246. 0.023114000. 75. 16 61, 0.023425000. 78. 2076, 0,02436
60 0 0. 8 1. 2491. 0.02537!7030. 8 6 , 2936. 0.02686
8030. 90, 3321. 0.028119000. 94. 3737. 0,0293610300. 97. 4152, 0,03029
11000. 1 0 0. 4567. 0.03123
12 000, 103. 4982. 0.03217
13000. 1 0 6. 5397. 0,0331014030. 109, 5813, 0.0340415000. 1 1 2. 6228. 0.03498
16000. 115. 6643. 0.0359217000• 118.’ 7058, 0.03685
18700. 1 2 1, 7473. 3.037791900?. 124. 7888. 0.03873
20000. 126. 8304. 0,03935
21000. 131. 8719. 0.04091
22000. 134. 9134. 0.04185
23000. 137. 9549, 0,0427924000. 140. 9964. 0,0437225000. 144. 10380, 0,04497’
26030. 146', 10795. 0.0456327000. 149. 11210, 0.04653
28 000. 151. 11625. 0.0471629000, 153. 12040, 0.0477830000. 156, 12455. 0.04872
31030. 158. 12871. 0,04934

























ULTIMATE STRENGTH s  19015, (LBS/SQ.IN.)
— .... - LIMES n o , 3  —
AREA = 1.532 X 1 . 5 4 0  S Q .IN, LENGtH = 3.208 IN.NO OF READINGS s 51 MAXIMUM LOAD * 51200 LBS,
LO a O(LB) DEFORM,(THSIN) STRESS(LB/SQIN) S T R A I N < I N / I M
1 0 00. 1. 424, 0,000312030 • 3. 848. 0.000943000, 8 . 1272. 0.002494300 • 14. 1695, 0.004365300, 2 0 .' 2119, 0,006236030, 25, 2543, 0.007797330. 30. 2967, 0.009358000. 35. 3391, 0.010919300. 39. 3815, 0.01216
10000. 42. 4239, 0,01309
11000, 45. 4662. 0.0140312030. 48, 5086. 0.0149613330. 52, 5510. 0,01621.14002, 55. 5934. 0.0171415302. 59. 6358, 0.0183916030. 6 2 . 6782. 0.0193317330. 6 6 . 7206. 0.0205718000. 69. 7629. 0.0215119000, 72. 8053, 0.02244
20 202, 75. 8477. 0.02338
21300. 79. 8901, 0.02463
22000. 8 2 . 9325. 0.02556
23202. 85. 9749. 0.0265024200. 89. 10173. 0.0277425000. 91. 10596, 0.02837
26200. 94. 11020. 0.0293027300.. 96. 11444. 0.02993
28000. 1 0 0. 11868. 0.0311729000, 103. 12292. 0.03211
30000, 105. 12716. 0.03273
T-1759 14
31000. 108. 13140, 0.0336732000. 111. 13563, 0.0346033000. 114. 13987. 0,335543 4 ? 0 ? « 118. 14411, 0,3367 835000. 122. 14835. 0,0380 3
36000. 125. 15259. 0,03897
37000. 128. 15683, 0.0399038000. 130. 16107. 0.0405239000 ,n 133. 16530, 0,0414640000, 135. 16954. 0.0420841000, 138. 17378, 0.0430242000, 140. 17802. 0.04364
43000. 142. 18226. 0,0442644030. 145. 18650. 0,0452045003. 147. 19074. 0.04582
46000. 150. 19497. 0.0467647000. 152. 19921. 0.0473848300. 155. 20345. 0.0483249300. 157. 20769, 0.0489450000. 160. 21193, 0,0498851000, 164. 21617. 0.05112
ULTIMATE s t r e n g t h a 21702, (LBs/$Q.IN.)
------ : L IMES NO, 4 -- ----
AREA = 1.528 X 1.580 SQ.IM, LENGTH s 3.192 IN.NO OF READINGS s 54 MAXIMUM LOAD = 54000 LBS.
LO a D(LB) DEFORM,(THSJN) STRESS(LB/SQIN) STRAINtIN/IN)
1000, 1. 414, 0,000312000, 35. 828. 0.01096
3000. 42. 1243, 0.013164000 . 48. 1657. 0,0150 4
5000. 55. 2071, 0.017236000. 61. 2485, 0.019117-030. 68. 2899. 0,0213:-
8000. 73. 3314, 0.022879000, 78. 3728. 0.0244410000. 84. 4142. 0.0263211000, 89. 4556. 0.02788
12^00. 95. 4971. 0.0297613000. 98. 5385. 0.0307014000. 102. 5799, 0,0319515000. 107. 6213. 0.03352
16000. 112. 6627. 0,0350917000. 116. 7042. 0.03634
18000. 120. 7456. 0.0375919000. 124. 7870. 0,0388520000, 127. 8284. 0.03979
21000. l 3 l , 8698. 0,04104
T-1759
22000* 134,23000. 138.24000. 142.
25*30. 146.260 30. 150.27300. 154,
28300. 157.2 9’3 0 0 . 162.30300 .n 165.31003. 169.32030. 173.
33003. 176.34320. 183,35000. 183.36002. 1 8 6.37000. 200.38000. 203.39000. 206.4C000• 210.41000. 215.
42000. 218 V43000. 222.44000. 225.45000. 228.46200. 231.47000. 234.48300. 238.49300. 241.52000. 244,51000. 253.
52300. 253.53000. 256,54300. 260.ULTIMATE s t r e n g t h
145
9113. 0,041939527. 0.043239941. 0.0444910355, 0. 0457410769. 0.0469911184. 0.0482511598, 0.0491912012, 0.0507512426. 0,0516912840, 0.0529413255. 0,0542313669, 0.05514
14083. 0.0563914497. 0.0573314912. 0.0582715326. 0,0626615740, 0.06360
16154, 0.0645416568, 0.0657916983. 0.0673617397. 0.0683 317811. 0.0695518225. 0.0704918639, 0.0714319054, 0,0723719463. 0.07331
19882. 0,0745620296. 0.0755020710, 0.0764421125. 0.0783221539. 0,0792621953, 0.0802022367. 0,08145
. < LBS/SO'. IN.)
limes no. 5 -
AREA « 1.535 X 1.565 SQ.IN, LENGTH = 3.181 IN. NO OF READINGS * 51 MAXIhNh LOAD a 51200 LBS.
LO a O(LB) OEF o RM,(THSIN) STRESS(LBXSQIN) s t r a IN11N/1N >
1020, 1. 416. 0.00031
2000. 33’. 833. 0.01037
3000. 40. 1249. 0.012574000. 44. 1665. 0.013839000. 49. 2081, 0.01540
6000. 5i’, 2498. 0.016037000. 54. 2914. 0.016938000. 57. 3330, 0.01792
9 0 0 0. 61.' 3746. 0.01918
T-1759
1 0 2 0 0 , 64. 4163. 0 .0 2 0 1?
11302), 6 6 . 4579, 0,02075
1 2 2 0P, 69.’ 4995. 0,02169
13300, 72. 5 412 e 0,02263
14200, 77. 5829. 0.02421
13000, 80. 6244, 0.02515
16300, 83. 6660. 0,02609
17000. 8 6 . 7077. 0.02704
1 8 0 2 0. 90. 7493, 0.02829
1983£, 93. 7909. 0.02924
2 0 0 0 0 , 96. 8325. 0,03018
2 1 0 0 0 . 1 0 0 , 8742. 0.03144
2 2 0 0 0 . 103. 9158. 0.03238
23000. 1 0 6 . 9574, 0.0333224000. 1 1 0 . 9991, 0.03458
23000. 114. 10407• 0.03584
2 6 0 0 0 . 117. 10823. 0.03678
27000. 1 2 0', 11239, 0,03772
28000. 124. 11656, 0,03898
29003. 126. 12072. 0.03961
30000, 129. 12488, 0.04255
31000. 132. 12904, 0,04150
32000. 134. 133 21 « 0.04213
33000, 136. 13737, 0,04275
34000. 139. 14153. 0.04377
33000. 141. 14570. 0.04433
36300. 143. 14986. 0,04495
37000. 145. 15402, 0,04553
38300. 147. 15818. 0,04621
39300. 150. 16235, 0.0471540300, 152. 16651. 0,0477841000, 154. 17067. 0.04841
42300. 156. 17483, 0,04904
43303. 159. 17900, 0,04998
44303. 1 6 1 . 18316, 0,05061
45300, 164. 18732, 0.05156
46300. 1 6 6 . 19149. 0.05219
47000. 1 6 8 , 19565. 0.05291
48003. 171, 19981. 3.05376
49333. 183.' 20397. 0.05753
50003. 183. 20814. 0.05913
51000. 191. 21230, 0,06004
ULTIMATE st re ng th * 21313, <L8S/SQ,'IN.)
 ; l i ^ e s n o . 6 -------
AREA ■ 1.551 X 1.561 Si,IN, LENGTH s 3.176 IN.
NO OF READINGS » 39 MAXIMUM LOAD * 40000 LBS.
146
LOAO(LB> DEFORM,(THSIN) STRESSUB/SQIM) STRAIN!tN/JN>
T-1759 147
1 0 0 0 , 1 . 413. 0.00031
2230. 32. 826. 0.01027
3000. 35. 1239. 0.01101
4000. 39. 1652. 0.01227
5000. 44. 2065. 0,01385
6 2 0 0 . 49. 2478. 0.01542
7000. 55. 2891. 0.01731
8000. 59. 3304, 0.01857
9200. 6 2 . 3717. 0.01951
1 0.0 0 0 , 6 6 . 4130, 0.02077
1 1 0 0 0 . 71. 4543. 0.02234
1 2 0 2 0 . 76. 4956. 0.02391
13^02. 79. 5369, 0.02486
14000. 84. 5782. 0.02643
15000. 8 8 . 6196. 0,02769
1 6 0 0 0 . 93. 6609. 0.02926
17000. 97. 7022. 0.03052
18000. 1 0 1 . 7435. 0.03178
19000. 105. 7848. 0.03304
2 0 2 0 0 . 1 0 8 , 8 2 6 1 , 0.03398
2 1 0 0 0 , 1 1 2 . 8674. 0.03524
2 2 0 0 0 . 115. 9087. 0.03619
23000. 118. 9500, 0.03713
24000. 1 2 1 . 9913, 0.03807
25000. 126. 10326. 0,03965
2 6 0 0 0. 129. 10739. 0.04059
27000. 133. 11152. 0.04185
28000. 140. 11565. 0.04405
29000. 144. 11978, 0.04531
30000• 148, 12391, 0.0465731000, 152. 12804. 0.04783
32000. 155. 13217, 0.04877
33000. 158. 13630, 0.04972
34000. 1 6 1 , 14043, 0.05066
35000. 164. 14456, 0.05160
36000. 1 6 8 . 14869, 0.05286
37300. 177. 15282. 0.05570
38000. 183. 15695. 0.05758
39000, 1 8 6 . 1 6 1 0 8. 0.05853
ULTIMATE STRENGTH s 16521, (LBS/SQ.IN.)
-..... - UIMES NO. 7
AREA • 1.524 X 1.511 SU.lN. LENGTH a 3.219 In.NO OF READINGS * 35 MAXIMUM LOAD ■ 35902 LBS.
LOaO(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN!IVIN)
1202. 1. 434, 0.00031
2002, 67. 869, 0,02081
3300. 74. 1303, 0,02299
T-1759
4000. 83.5000. 88.6000. 93.
7300. 99.8000. 104,9000. 106.10000. 108.11000. 109,
12000, 113.13000. 112.14000, 115.
15000. 130.16000. 132.'17000. 135.18000. 138.19000. 141.20000, 144.21000, 147.
22000. 149.23300. 152.24000. 154.25000. 156.26020, 159.27000, 162,28000. 164.29000, 167.30000. 171.31000, 174.
32000. 177.33030. 204,34000, 210,35000. 240,ULTIMATE STRENGTH s 15590.
148
1737. 0.025782171. 0.027342606. 0.026893040, 0.030753474. 0.032313908, 0.032934343. 0.033554777, 0.033865211. 0.03417
5645. 0.034796080, 0.03573
6514, 0.040396948, 0.04101
7382. 0,041947817. 0.042878251. 0.043808685. 0.044739119, 0.045679554, 0.046299988, 0.0472210422. 0.0478410857, 0,0484611291, 0.0493911725. 0.0503312139. 0.0509512594, 0.0518813028, 0.0531213462. 0.0540513896, 0.0549914331, 0,0633714765. 0.0652415199. 0.07456(LBS/SO.IN.)
 -------- :  l i ^es noi a --------------
AREA « 1.589 X 1.596 SO.In, LENGTH a 3.167 IN. 
NO OF READINGS 8 47 MAXIMUM LOAD » 47200 L8S'.
LO a D(LB) DEFORM,(THSIN) STRESS*LB/SQIN) STRAIN* IN/IN)
1000, 1. 394, 0.00032
2000. 35. 789, 0.01105
3000, 44. 1183. 0.013894000. 49. 1577. 0.01547
5000. 56. 1972, 0.017686000. 67, 2366, 0.021167000. 75. 2760. 0.323688000. 79, 3155. 0.024949000. 85. 3549, 0,0268410000. 90, 3943. 0.02642
T-1759 149
11000* 94, 4337. 0.0296812^00 * 97. 4732. 0,0306313000* 100. 5126. 0.0315814000. 103. 5520. 0.0325215000. 107. 5915. 0.0337916000. 110. 6309. 0.0347317000• 113. 6703. 0.0356918000. 116. 7098. 0.0366319000. 119. 7492, 0.0375720000. 122.' 7886. 0.0385221000. 126, 8281, 0.03979
22000. 129, 8675. 0.0407323000. 132. 9069. 0.0416824000. 136. 9464. 0,0429425000. 139. 9858, 0.0438926000. 143. 10252. 0.0451527000. 147. 10647. 0.0464228000. 150, 11041, 0.0473629030, 154, 11435, 0.0486330000, 157. 11829, 0.0495731000, 160. 12224. 0.0505232300. 164, 12618. 0,0517833000. 167. 13012. 0,0527334000. 171. 13407, 0,0539935300. 174. 13801, 0.0549436003. 178. 14195. 0.0562337000. 182. 14590, 0,0574738000. 105. 14984. 0.0584139000. 189. 15378. 0.0596840000, 193. 15773. 0,0609441030, 196. 16167. 0.0618942000, 200. 16561. 0.0631543000. 203. 16956. 0.0641044000. 207. 17350, 0.0653645000. 212. 17744, 0,0669446000. 226. 18138, 0.0713647S00. 236. 18533. 0.07452ULTIMATE STRENGTH * 18612. (LBS/SQ.IN.)
 ----- ; limes no. 9  - «
AREA a 1.595 X 1.565 S3. IN. LENGTH > 3.172 IN.NO or READINGS ■ 39 MAXIMUM LOAD * 39203 LBS.
LC a O(LB) OEFORM.(THSIN) STRESSILB/SQIN) STRAIN!IN/IN)
1000. 1. 401. 0.00032
2300. 2. 801. 0.00063
3000. 32. 1202. 0.010094H00. 33, 1602. 0.0104?
5000. 38. 2003. 0.01198
T-1759
6000. 43.7 000. 47.
8000. 52.9002. 6l.10000 « 67.11000, 71.
12300. 76.13020, 80.
14000. 84.
15000. 89.16000. 94.17000. 99.
18220. 102.19000• 105.20200• 109.21000. 112.22000. 115.23222. 119.
24020. 122.25220. 125,26200. 129.27202. 132.28200. 137,29000. 140,33002. 143,31000, 147.32000, 150,
33220. 154,34200, 158.35*202. 162.36200. 167.
37002. 173.38200. 182.39000, 185.ULTIMATE S T R E N G T H  a
150
2404. 0,013562804, 0.014823205. 0.016393606, 0,019234006« 0.321124407, 0.022384807. 0.023965208, 0.025225609, 0.026486009, 0.028066410, 0.029636810. 0.031217211. 0.33216
7612. 0.033178012. 0.034368413. 0.035318813. 0,336259214, 0.03752
9615. 0.0384610015. 0.0394110416, 0,0406710817. 0.0416111217. 0.0431911618. 0.0441412018, 0.0450a12419, 0.0463412820, 0.0472913220. 0,0485513621. 0.0498114021, 0.0510714422. 0,0526514823, 0.0545415223. 0.0573315624, 0,0583215704, UBS/SQ.IN.)
 ---- ; limes no. 10  ---
AREA a 1.532 X 1.5*5 SQ, IN. LENGTH a 3.217 In . NO OF RE a OINGS a 47 MAXIMUM LOAD a 47800 LBS.
LOAO(LB) DEFORM, cTMSIN) STRESS(LB/SOIN) STRAIN* IN/IN)
1000. 1. 422. 0.000312333. 2. 845. 3.000623300, 50. 1267. 0.015544330. 55. 1690, 0.017105300. 66, 2112. 0.021146300 • 75, 2535, 0.023317000. 79, 2957, 0.024568303, 82, 3380, 0.02549
T-1759 151
9000. 86. 3802. 0,0267310000. 89. 4225. 0.0276711000, 92. 4647, 0,0286012000. 96. 5070, 0,0296413000. 99. 5492, 0,0307714^00. 103. 5915. 0.0320215000. 106. 6337. 0.0329516000. 110. 6760, 0,0341917000. 113. 7182. 0.0351318000. 117. 7605, 0.0363719000. 120. 8027. 0,0373720000. 123. 8450, 0,0382321000, 126. 8872, 0.0391722000. 129. 9295, 0.0401723000. 133. 9717. 0,0413424000, 136« 10140. 0.0422825000. 140. 10562, 0.0435226000. 143. 10985, 0,0444527000. 147. 11407. 0*0456928000. 150. 11830, 0,0466329000. 153. 12252. 0.0475630000, 156. 12675. 0,0484931000, 159, 13097, 0.04942
32000. 162. 13520, 0.0503633000. 1 6 6. 13942. 0.0516034000. 169. 14365, 0.0525335000. 172. 14787. 0,0534736000. 176. 15210. 0.0547137000. 179. 15632. 0,0556438000. 183. 16054, 0,0568939000. 186, 16477. 0,0578240000, 189. 16899, 0,0587541000, 192. 17322. 0,0596942000. 195. 17744, 0,0606243^00. 198. 18167. 0,0615544000, 202. 18589, 0,0627945000, 205. 19012. 0.0637246000. 210. 19434, 0.06528
47000. 219. 19857. 0,06808
u l t i m a t e STRENGTH = 20195. (LBS/SQ.IN.)
 ---- ■ QOIOM NQ , i ------ —
A R E A  t 1,533 X 1.5FA SO.In. LENGTH « 3,035 l,s.
HO OF READINGS * 44 MAXIMUM LOAD * 44203 LBS.
LO a O(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/IM
1300, 1. 434. 0.000332000. 54. 867. 0.01779
3000. 71. 1301. 0.02339
T-1759
4000. 80, 1735. 0.02636
5003 • 85. 2169. 0,02801600(3. 90. 2602, 0.029657000 . 94. 3036, 0,03097
8000. 100. 3470. 0.032959000. 104. 3903, 0,0342710000. 108. 4337. 0.03558
lisas. 113. 4771. 0,0372312300. 116, 5205. 0.0332213000. 120. 5638. 0.0395414000. 123. 6072. 3.0405315000. 127. 6506. 0.0418516000. 131. 6940. 0.0431617000. 135. 7373. 0.0444818000. 139. 7807. 0,0458:319000. 141. 8241. 0.0464620000. 144'. 8674, 0.0474521000. 148. 9108. 0.04876
22000. 151, 9542. 0.0497523000. 154. 9976. 0.0507424000. 158. 10409, 0,0520625000. 181. 10843. 0,0530526000. 165. 11277, 0,0543727300. 170. 11710. 0,0560128300. 175. 12144. 0,05766
29000. 179. 12578. 0,0589830000. 182. 13012. 0,0599731000. 189. 13445, 0.0622732000. 194. 13879. 0,06392
33000. 197. 14313. 0.0649134000. 201. 14746, 0.0662335000. 205. 15183. 0,0675536000. 212. 15614. 0,0698537000. 218. 16048. 0.0718338000. 225. 16481, 0,0741439000. 230.' 16915. 0.0757840000. 240. 17349. 0,0790841000, 245. 17783. 0,08072
42000. 250. 18216, 0.0823743000. 258. 18650. 0.0850144000. 264. 19384, 0,08699
u l t i m a t e STRENGTH s 19170. (LBS/SQ.IN.)
-..... ^ OOLOM NO • 2 ..... —
ARE* « 1.517 X 1.561 SO.I n . LENGTH ■ 2.978 In 
NO OF READINGS « 29 MAXIMUM LOAD • 29400 LBS.
152
LO a O(LB) DEFORM,(THSIN) STRESS(L8/S0IN) S T R A I N ( t N / I M  
1000. 1. 422. 0.00034
T-1759 153
2010* 42. 845. 0.01410
3000. 59. 1267. 0.019814000. 62. 1689. 0.020825 000. 68. 2111, 0.022836000. 73. 2534, 0.024517000. 78. 2956, 0.026198000. 8 1 . 3378. 0.027219000. 85, 3801. 0.0285410000. 89. 4223. 0.0298911000. 91. 4645. 0.0305612000. 95. 5067. 0,0319113000. 98. 5490, 0,0329114000, 101. 5912. 0,0339215000. 105. 6334. 0.0352616000. 109, 6757, 0,0366017300. 112. 7179. 0,0376118000. 115. 7601, 0,3386219000. 118. 8024, 0,0396?20000. 121. 8446, 0.0406321000, 125. 8868. 0,04197
22000. 129. 9290, 0.04332
23000. 133. 9713. 0.0446624000. 136 • 10135. 0.0456725000. 150. 10557. 0,05037
26000. 164. 10980, 0.0550727000. 167. 11402. 0.0560828000. 171, 11824, 0,0574?29100. 179. 12246. 0.06011
u l t i m a t e STRENGTH s 12415, U B S / S Q .  IN. )
...... - dolom no. 3  : ~
AREA « 1.519 X 1.559 SQ.I n , LEn GTH * 3.025 list. MO OF READINGS * 54 MAXIMUM LOAD ■ 54200 LBS.
LO a O(LB) DEFORM,(THSIN) STRESS(L8/SQIN) STRAIN*IN/IN)
1000, 1. 422. 0.000332303. 40. 845. 0.01322
3300, 56. 1267. 0.018514303 . 64. 1689, 0.021165003. 68'. 2111, 0.02248
6300. 72. 2534, 0.023807300 . 78. 2956. 0,025798003. 83. 3378. 0.027449300. 86. 3800. 0,0234310300, 90.' 4223. 0,0297511300. 94. 4645. 0.03107
12300. 93. 5067, 0.0324013303. 101. 5490, 0.0333914000. 105. 5912. 0.03471
T-1759
15800. 109.
1 6 1 0 0 . 1 1 2 .
17001. 115.
1 8 0 0 0 . 119,
19000, 1 2 1 .
2 0 0 0 0 . 124,
2 1 0 0 0 , 127.
2 2 1 0 0 . 132.23000, 133.
24000, 137.
251 0 0 . 140.
2 6 0 0 0 . 143.
27S00. 146,
28000. 15 0 ,’29020, 153.
30000. 156.
31000. 1 6 2 .
32000. 164,
33000. 1 6 8 ,
34000. 172.
35200. 175.
36000. 1 8 0 .
37000. 1 8 2 .
38200» 185,
39000. 1 8 8 .
40200, 191.41000, 194.
42000, 197.
43200. 2 0 2 .
4400P, 206.
4523G. 209.
46200. 2 1 2 .
47000. 215.





53300. 2 6 1 .










































AREA • 1,562 X 1.528 SO.IN, LENGTH ■ 3.038 IN.
NO OF READINGS « 94 MAXIMUM LO a O ■ 54400 LBS,
LO a C(LB) DEFORM,(THSIN) STRESSILB/SQIN) STRAIN(IM/IN)
1000. 1. 419, 0.00033
2300, 55, 838, 0.01813
T-1759 155
3000. 62. 1257, 0,020414000. 68. 1676, 0.02238
5000. 73. 2095. 0.024036000. 78, 2514. 0.025677000. 84. 2933. 0,027650000 , 90, 3352. 0.0296290012. 94. 3771. 0.0309410000. 100, 4190, 0.03292
11000. 103. 4609. 0.0339012000. 107. 5028, 0.0352213000. 110. 5447. 0.0362114000. 113. 5866, 0,0372015000. 117. 6285. 0,0385116000. 122. 6704. 0.0401617300. 126. 7123, 0,0414718000. 129. 7542. 0,0424619000. 132. 7961. 0.0434520000, 136. 8380, 0.0447721000. 139. 8799. 0,0457522000. 142. 9218. 0.0467423000. 145. 9637. 0.0477324000. 149, 10056. 0.0490525000. 152'. 10475, 0,0500326000. 155. 10894, 0.05102
27000. 158. 11313. 0.0520128000. 161, 11732. 0.0530029000. 165. 12150, 0»0543130000. 168, 12569. 0.0553031000, 171. 12988, 0.0562932000. 174, 13407, 0.0572733000. 177. 13826. 0.0582634000, 180. 14245. 0.0592535000. 183. 14664. 0.0602436000. 18 6. 15083. 0,0612237000. 189. 15502. 0.0622138000. 192. 15921. 0.0632039000. 195. 16340, 0.0641940000• 197, 16759, 0,0648.541000, 201. 17178. 0.0661642000, 205. 17597. 0,06749
43000. 209, 18016. 0.0688244000. 212. 18435. 0.06978
45^00• 215. 18854. 0.0707746000. 219. 19273. 0.0720947000. 223. 19692. 0.0734248000. 227. 20111. 0.0747?49000. 230'. 20530. 0.0757150000, 233. 20949, 0,0767?51000, 237. 21368. 0,0780152000, 240. 21787, 0.0790fl
53000. 244, 22206. 0,0803?54000. 256. 22625. 0,08427ULTIMATE STRENGTH s 22793. (LBS/SQ.IN.)
T-1759 156
— -----  oOLOM NO, 5  -----
ARE A ■ 1.514 X 1.534 SO.IN. Le n GT h ■ 2.979 JN.
NO OF READINGS » 47 MAx IMu M LO a C * 47200 LBS'.
LO a O(LB) DEFO r M. (THslN) STr Es S<LB/S o !N> STr AIN(In /IN)
i 0 0 2 . 1. 431. 0.00334
2̂ 025. 42. 8 6 1 , 0.01413
3000. 47. 1292. 0.015784000. 54. 1722. 0.01813
5000. 58. 2153, 0,01947
6000. 6 2 . 2583. 0,02081
7000. 67. 3314, 0.02249
8 0 0 0 . 71. 3445. 0.02383<3000 , 75. 3875, 0.02518
1 0 0 0 0. 80, 4336. 0.02685
1 1 0 0 0. 84, 4736, 0.02820
1 2 0 0 0 . 8 8 , 5167. 0.02954
13-00. 90, 5597, 0,03021
14000, 93, 6028. 0.03122
15000. 97. 6459, 0.03256
1 6 0 0 0 . 1 0 1 . 6889. 0.03390
17000, 104, 7320, 0,03491
18000, 107. 7750, 0,03592
19000, 1 1 0 . 8 1 8 1 , 0.03693
2 0 0 0 0 , 113. 8611, 0.03793
2 1 0 0 0 , 117, 9042, 0,03927
2 2 0 0 0 . 123, 9473, 0,04028
23000. 123. 9903, 0.04129
24000. 127. 10334. 0.04263
25000. 131, 10764. 0.04397
26000. 134.’ 11195. 0.04498
27000. 137. 1 1 6 2 6. 0,04599
2 8 0 0 0 . 140. 12056, 0.04700
29000, 143. 12487, 0.04800
30000, 146, 12917. 0.04901
31000, 149. 13348. 0.0500?
325*00. 152. 13778, 0.05102
33000. 156. 14209. 0.05237
34000. 159. 14640, 0.05337
35000. 1 6 2 . 15070, 0,05438
36000. 165. 15501, 0.0553937200. 1 6 8 . 15931. 0,05639
38000. 171. 16362, 0.05740
39000. 175. 16792. 0.05874
40000. 178. 17223. 0.05975
41000, 1 8 1 . 17654. 0.06076
42000. 193. 18084, 0.0637843000, 194. 18515, 0,06512
44000, 198. 18945. 0,06647
45000. 2 0 1 , 19376, 0,06747
46000. 205. 19806, 0,0688?
47000. 209, 20237. 0.07016ULTIHATE STRENGTH ■ 20323, (LBS/SQ.IN.)
T-1759 157
   D O L O M  no, 6 ---------
AREA a 1,520 X 1.531 S3,IN, LENGTH s 2.970 IN,
NO or READINGS a 50 MAXIMUM LOaD « 50803 LBS.
LO a O(LB) DEFORM.(THSIN) STRESS(LB/SQIN) s t r a x n c IN/IN)
1300, 1 . 430. 0,00034
2 2 00, 45. 859. 0.01515
3300. 55. 1289, 3.318524000# 64, 1719. 0.021555300, 70. 2149. 0,32357
6 0 0 0, 75. 2578. 0,025257000. 82. 3008. 0.027618300, 8 8. 3438. 0.029639000. 94. 3867. 0.03165
10000 , 98. 4297. 0.03303
11000, 1 01. 4727. 0,03401
12000. 105, 5157, 0.0353513000. 109, 5586. 0.0367314300. 113. 6016, 0,0380515000. 118. 6446. 0,03973
16000. 1 21, 6975. 0,0407417000. 125. 7305. 0.0420918000. 128. 7735, 0.0431319000. 132. 8165, 0 ,0444420300. 135'. 8594, 0,04545
21 000. 139. 9024. 0.04683
22 000. 142. 9454, 0.0478123000. 146, 9883. 0,0 4 91*624000• 149, 10313. 0.0501725300. 152. 10743, 0.05118
26 000. 156. 11173. 0,0525327300. 160. 11602, 0.05387
28 000. 164, 12032. 0,0552229300. 1 68. 12462, 0.0565730000. 171. 12891, 0,0575831000. 174. 13321. 0.05859
32300. 178. 13751, 0,05993
33000. 18 2. 14181. 0,0612834300. 185. 14610. 0.0622933000. 189. 15340. 0.0636436000. 194. 15470, 0.0653237000. 199. 15899, 0.0670338300. 207. 16329. 0.0697039300. 214. 16759. 0.0720540000. 218. 17189, 0.0734041000, 2 2 2. 17618, 0.0747542000. 226. 18048, 0.07609
43000. 234. 18478. 0,0787944000. 244. 18907, 0,0821545000. 249. 19337, 0.06364
T-1759 158
46l?05' • 252'. 19767. 0.0848547000. 258, 20197, 0.08687
*8000. 261, 20626, 0,08788
49000. 264, 21056, 0,0888950000. 267, 21486. 0.08990
ULtIM*tE s T Re:nCT h s 21830, (L8g/S Q.IN.>
.......  COLON NO. 7  —
AREA * 1.500 X 1.548 SO.IN, LENGTH : 2.980 IN.
NO OF READINGS = 55 HAXIMUM LOAD * 55400 LBS.
LO a D(l B) DEFORM,(THSIN) STRESS(L8/SQIN > STRAIN*I M/IN)
1000 • 1. 431, 0.00034
20 0 0. 38. 8 6 1, 0.01275
3000. 46. 1292. 0,015444000. s i ; 1723. 0.017115000. 58. 2153. 0.01946
60 0 0. 64. 2584, 0.021487000. 70, 3015, 0.023498000. 75. 3445. 0.025179000 • 78. 3876. 0.02617
10000. 82. 4307, 0.02752
11000 « 87. 4737. 0.02919
12^00 • 91. 5168. 0,0305413000. 94. 5599, 0.0315414000. 1 00, 6029. 0.03356
15000. 103. 6460, 0.0345616000. 1 0 6. 6891, 0.0355717000. 109. 7321. 0.03658
18000. 1 1 2. 7752. 0.0375919000. 116. 8183. 0.03893
20000. 120V £613. 0.04027
21000, 124, 9044, 0 .04161
22 000. 127. 9475. 0.04262
23000. 131. 9905. 0.0439624000. 135. 10336, 0.0453025000. 138. 10767, 0.04631
26000. 141. 11197. 0.0473?27300. 146. 11628, 0.04899
2800C. 150, 12059, 0.0503429300. 154. 12489. 0.0516930000, 157. 12920, 0.0526831000. 1 6 1. 13351. 0.05403
32330. 164, 13781. 0 .0550333300. 167. 14212, 3.0560434330. 171, 14643, 0.0573935033. 175. 15373. 0.0587?
36030. 178. 15504, 0.0597337033. 1 8 2. 15935. 0.06107
T-1759 159
S80i2l0. 105. 16365. 0,0620839003. 188. 16796, 0.0630940000. 191. 17227. 0,0640941000, 195. 17657. 0.0654442000. 198, 18088, 0,06644
431W . 202. 18519, 0.067 7944000. 205, 18949. 0,0687945000. 209, 19380, 0,0701346000. 212, 19811. 0,0711447000. 215. 20241, 0,07215
48000. 221. 20672. 0.0741649000. 224. 21102, 0,0751750000. 230. 21533. 0,0771851000, 240. 21964. 0,0805452000. 245. 22394, 0.0822153300. 250. 22825, 0.0838954000• 257. 23256, 0,0862455300. 262. 23686, 0,08792ULTIMATE STRENGTH = 23859. (LBS/SO.IN.)
OOIOM NO. 8
AREA = 1.542 X 1.521 Sa.lN. LENGTH i 3,010 IN. 
NO OF READINGS ■ 53 MAXIMUM L O a C » 53400 LBS.
LOAO(LB) DEFORM,(THSIN) STRESS<LB/SQIN> STRA1N(IN/IN>
1000, 1. 426. 0,000332000. 20.' 853. 0,006 6*4
3000. 29, 1279, 0,009634000. 37. 1705, 0,012295030. 43. 2132. 0.014296003. 46. 2558. 0.015237000. 91. 2985. 0,01694
8300. 54. 3411. 0.017949000. 56. 3837. 0.0186710002. 61. 4264, 0,0202711000. 65. 4690, 0,02159
12030. 67. 5116, 0.0222613002. 70, 5543. 0,0232614300, 73, 5969, 0.0242515300. 76. 6396. 0,0252516300. 83, 6822. 0.02658
17003. 83. 7248. 3.0275718020. 87. 7675. 0.0289'*19000. 92. 8101. 0.0305620300, 94. 8527. 0.0312321000. 97. 8954. 0.03223
22002. 101, 9382, 0,0335523302. 105. 9807, 0,0348324-300. 108. 10233. 0.03588
T-1759
25302. 1 1 1.26300. 114.27000. 117.28200. 123.29300. 123.30003. 126,31300, 129,32000, 132.33000. 135.34000. 139,35000. 142.36000. 146,37000. 149,38000. 152,39000. 155.40002, 159,41000, 163.42202, 1 6 6.
43030. 169.44303. 173.45300. 176.46230. 179.47000, 1 8 2.48000. 185.49030. 1 8 8,50200. 193,51230. 2 2 0.52000. 422,53203. 921.U L T I M A T E  S T R E N G T H  s
160
10659, 0,0368811086, 0.0378711512. 0.0388711938. 0.3398712365. 0.0408612791, 0,04186
13217. 0.0428613644, 0.0438514073, 0.0448514497, 0.0461914923, 0.0471915349, 0,0485?
15776. 0.0495316202, 0.0505?
16628. 0.05157
17055. 0.0528?17481. 0,0541517908, 0.0551518334, 0.0561518763, 0,0574919187, 0.0584719613. 0.0594720039, 0,0604720466. 0,06146
20892. 0.0624621318. 0.0641221745, 0.0664522171. 0.1395322598. 0.3059822768. (LBS/SQ.IN.)
- - - - - - - ; d o l o m  n o  i 9  —
AREA » 1•549 X 1.564 SO.IN, LENGTH < 2.936 IN.NO OF READINGS * 59 MAXIMUM LOAD s 59800 LBS.
LO a O(LB) DEFORM,(THSIN) STRESS(IB/SQIN) STRAIN(IM/IN)
10 0 0, 1 . 413. 0.00234
2 0 0 0, 65. 826. 0.022143300, 84. 1238. 0.028614300. 92. 1651, « 0.031345300. 98. 2064. 0.03334
6303. 104, 2477, 0.0354?7703. 1 1 0. 2889, 0.037478300. 116, 3302. 0.039519300. 123. 3715. 0.04387
10 0 0 0 , 1 2 6. 4128. 0.04292
11000, 133. 4541, 0.04429
12303. 134, 4953. 0.0456413000, 138, 5366. 3,04700
T-1759
14220. 141. 5779, 0,0480215200, 145. 6192. 0.04939
16200. 150. 6604. 0.0510917200. 153'. 7017. 0.0521118200. 156. 7430. 0.0531319000, 159. 7843. 0.35416
20200. 1 6 2. 8255. 0.35518
2 1 002. 1 6 6. 8668, 0.05654
22200. 169. 9081. 0.0575623200. 172. 9494. 0.3585824200. 175. 9907, 0.3596325200. 178. 10319, 0.06363
26000, 1 8 1. 10732. 0,0616527000, 185. 11145. 0.36301
2 8 000. 1 8 8. 11558, 0.3640329002, 190. 11972. 0.3647130200, 194. 12383. 0,3660831020. 196. 12796. 0.06676
32002. 199. 13209. 0.0677833000. 203. 13622, 0,0691434000. 206. 14334, 0,0731635000. 209. 14447, 0.0711936000. 2 1 1. 14860, 0,0718737000. 214. 15273. 3.0728938000. 218. 15685. 0.0742539200. 2 2 1. 16098, 0,0752740000, 224. 16511. 0.0762941000, 227. 16924. 0.0773242000, 230. 17336. 0,0783443000, 233. 17749. 0.0793644200, 236. 18162, 0*0803945000 * 239. 18575. 0.0814346000. 241. 18988, 0.0820847000. 244. 19400, 0.0831148000. 246. 19813. 0.0837949000, 249. 20226. 0.0848150200. 251, 20639. 0,085495 1 0 0 0. 254. 21051. 0.0865-1
52000. 256. 21464. 0.0871953000. 259. 21877, 0.0862254000. 2 6 2. 22290. 0,0892455200. 269. 22703, 0*0916256000. 272. 23115, 0.0926457000. 276. 23528. 0.0940158000. 279. 23941. 0.0950359000. 289. 24354. 0.09843ULTIMATE STRENGTH a 24684, (LBS/SQ.IN.)
-------- d o l o m  NO • 10 ----
AREA ■ 1»553 X 1.569 SQ.lN, LENGTH > 2.994 In .
NO OF READINGS a 49 MAXIMUM LOAD ■ 49320 LBS.
161
1759 162
LOAD (LB) DEFoRM, <THS IN) STRESS(LB/SQ IN) STRAIN < I'N /I \ >
10 0 0, i . 413, 0.00033
2 0 0 0. *3. 821, 0,014363000, 55. 1231. 0.018374000 • 64. 1642, 0.021345300. 69. 2352. 0,02305$ 0 0 0.7000. 74. 2462. 0.024728 1 . 2873, 0.02705
80 0 0. 87. 3283. 0,029069000. 91. 3694. 0,03039
10 000, 95. 4104, 0.03173
11000. 1 0 0. 4514. 0.03340
12000. 104, 4925. 0,0347413000. 107, 5335. 0.0357414000. 1 1 0. 5746, 0,0367415000. 113. 6156. 0,0377416000, 117. 6566, 0.0390817000. 123. 6977, 0,0400 318000. 124. 7387. 0,0414219300, 128. 7798. 0,04275
20 000, 131. 82 06. 0,04375
2 1 0 00. 134. 8618, 0,0447622300, 138. 9029. 0,04609
23300. 141, 9439, 0.0470924300. 143. 9850. 0.0477625300. 146, 10260. 0.0487626300. 149. 10673. 0.0497727300. 152, 11081, 0,0507728300. 154, 11491. 0.0514429300, 157. 11902, 0.0524430000, 1 6 0. 12312. 0.0534431-300. 163. 12722. 0.0544432000. 1 6 6. 13133. 0.0554433000. 169.’ 13543, 0,0564534300. 171. 13954. 0.0571135300. 174, 14364, 0.0581236330. 177. 14774, 0.0591237300. 183. 15185. 0,0601238300. 183. 15595. 0.0611239300, 187. 16006, 0.0624640300, 189. 16416. 0.0631341002, 192. 16826. 0.0641342000, 197. 17237. 0,0658043300. 2 0 2. 17647, 0.0674744300. 2 0 6. 18058. 0.0688045300. 2 1 0. 18468. 0.0701446300. 223. 18878. 0,0744847300. 227. 19289. 0.0758?48300. 232. 19699, 0.0774949030. 235, 20113. 0,07849
u l t i m a t e STRENGTH * 23233, (LBS/SQ.IN.)
T-1759 163
------ - TRONE N O , 1
AREA * 1.511 X 1,536 S O ,IN* LENGTH a 3,002 IN,
NO OF READINGS ■ 20 MAXIMUM LOAD ■ 10600 LBS.
L O A D (L B ) DEFORM, <THSlN> STRESS(LB/SQlN) s t r a i n (In /
500, 1. 215. 0.00033
1000, 6 . 4 3 l . 0,002001500, 15. 646, 0.005002700, 6 2 . 8 6 2, 0.020652500, 84. 1077. 0.027933030. 90. 1293, 0,029983500. 96. 1508. 0.031964000. 1 0 1. 1723, 0,033644500, 108. 1939, 0,035985000, 113. 2154, 0.037645500. 119. 2370. 0,03931
6 0 0 0. 123. 2585. 0.040976500. 128. 28 0 1. 0.042647000, 136 • 3016, 0.045307500, 140. 3232. 0,046646000. 146. 3447. 0,048638500. 150. 3662. 0.049979000. 155. 3878, 0.051639500, 1 6 1, 4093, 0.05363
10000. 167. 4309, 0.05563ULTIMATE STRENGTH * 4567, (LBS/SQ.IN.)
------   TRONE NO. 2 -------
AREA * 1.525 X 1.573 SO,IN. LENGTH s 3.027 IN. NO OF READINGS « 11 MAXIMUM LOAD b 5900 I B S .
LO a D(LB) DEFORM,(THSIN) STRESS(LB/SOIN)
500, 1 . 208,
1077, 40, 417.
1577, 52. 625.
2 7 3 0 , 115. 834,
2530. 140. 1042.
3700. 151, 1251,
3500, 1 6 2 . 1459,
4000. 1 75. 1667.4500, 187. 1876,
STRA IN <Iv/IN >
0.00033 
0.01321 
0.01711 0.03799 0.04625 
0 104988 0.0535? 0.05781 
0.06173
T-1759 164
5033. 216. 2084. 0.07202
5500. 231. 2293, 0,07631
ULTIMATE STRENGTH a 246e. (L9S/SQ.IN,)
-------- : TROn E NO. 3 ---------
AREA a 1,524 X 1.520 SO.IN, LENGTH a 3.094 IN.
NO Or READINGS a 13 MAXIMUM LOAD a 6903 LBS.
LQa DCLB) D E F O R M , < T H S I N > S T R E S S ( L 8 / S Q I N ) S T R A I N * I  M / I N )
500, 1 . 216. 0 . 0 0 0 3 2
{ 000, 18, 4 3 2 , 0 , 0 0 5 8 2
{500., 36. 648, 0 . 0 1 1 6 4
2*00» 100. 863. 0 . 0 3 2 3 22 5 0 0 , 120. 1 0 79 , 0 , 0 3 8 7 8
3 0 0 0 , 130. 1 2 95 , 0 . 0 4 2 0 23 5 0 0 , 137'. 1 5 11 . 0 , 0 4 4 2 8
4 0 0 0 , 144. 1 7 27 , 0 . 0 4 6 5 44 5 0 0 , 153, 1 9 43 . 0 , 0 4 9 4 5
5000. 159. 2 1 5 8 , 0 . 0 5 1 3 95 5 0 0 , 167. 2 3 74 . 0.0539.?
6000. 182. 2 5 9 0 . 0 . 0 5 8 8 26 5 0 0 . 200. 2806. 0 , 0 6 4 6 4
ULTIMATE STRENGTH a 2979, <LBS/SO.IN.)
....   TRONE NO. 4 — -— —
AREA a 1,576 X 1.540 SO.lN, LENGTH a 3.035 IN.
NO or READINGS a 10 MAXIMUM LOaD a 5400 lbs.
LO a O(LB) DEFORM,(THSIN) STRESS<UB/SQIN) STRAIN*I\7 IN)
500, 1. 206. 0,00033
1000, 8'. 412. 0,0026 4
{500, 16. 618. 0..00527
2000. 32. 824. 0,01054
2500, 50, 1030. 0.01647
3*00, 59. 1236, 0.01944
3500, 66. 1442, 0.02175
4000, 76. 1648, 0.02524
4500, 87. 1854, 0.02867
T-1759 165
5 0 0 0 .  98. 2 0 6 0 .  0 . 0 3 2 2 9U L T I M A T E  S T r E K G T H  a 2 2 2 5 ,  ( L B S / S Q . I N . )
   T R O N E  NO. 5 -------
A R E A  a 1 . 5 0 0  X 1 . 4 6 8  Sil.lH. L E N G T H  a 2 , 9 3 6  IN.
NO OF R E A D I N G S  a 14 M A X I H U M  L O A D  a 7*00 lBS.
L 0 a D ( L 8 > D E F O R M , (THSIN) S T R E S S ( L B / S q IN) S T R A I N * I N / I N )
500, 1 . 227, 0 , 0 0 0 3 4
1000. 7. 454, 2 , 0 0 2 3 8
15 0 0 , 15. 68l , 0 . 0 0 5 1 1
2000. 56. 908, 0 . 0 1 9 0 72 5 0 0 , 69. 11 35 . 0 . 0 2 3 5 O
3 0 0 0 . 75. 1 3 6 2 . 0 . 0 2 5 5 43 5 0 0 , 79. 15 89 , 0 . 0 2 6 9 1
4 0 0 0 , 83, 1 8 1 7 . 0 . 0 2 8 2 7
4 5 0 0 , 87. 2 0 4 4 . 0 . 0 2 9 6 3
5 * 0 0 , 92. 2 2 7 1 , 0 , 0 3 1 3 45 5 0 0 , 98. 2 4 9 S . 0 . 0 3 3 3 B
6000, 103. 2 7 2 5 . 0 . 2 3 5 0 ?6 5 0 0 , 111. 2 9 5 2 . 0 . 0 3 7 8 1
7 0 0 0 . 132. 3 1 7 9 . 0 . 0 4 4 9 6
u l t i m a t e  S T R E N G T H  3 3 2 2 4 .  ( L B S / S O . I N . )
 - - - - - -1 T R O N E  NO. 6  D - -
A R E A  a 1 , 5 2 4  X 1 . 4 9 5  S O . l N .  L E N G T H  s 3 . 0 3 2  l,N« 
NO O F  R E A D I N G S  a 14 M A X I M U M  L O A D  a 7100 LBS'.
L O a O( I B ) D E F O R M , ( T H S I N ) S T R E S S ( l B / S Q I N ) S T R A I N *  IN /I\>
500, 1 . 219. 0 . 0 0 3 3 3
1000, 7. 439, 0 . 0 0 2 3 1
1 5 00 . 56. 656, 0 . 3 1 8 4 7
2* 00. 92. 878. 0 . 0 3 0 3 4
2 5 0 0 . 102. 1 0 97 . 0 , 0 3 3 6 4
3 0 0 0 . 111. 1 3 17 . 0 . 0 3 6 6 1
3 5 0 0 . 120. 1 5 36 . 0 . 0 3 9 5 B
4 7 00 . 192. 1756. 0 , 3 6 3 3 ?4 5 00 , 201. 1 9 7 5 . 0 , 0 6 6 2 9
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5 0 0 0 .  212. 2 1 9 5 ’. 0 . 0 6 9 9 ?
5 5 0 0 .  24 2.  2 4 1 4 ,  0 . 0 7 9 8 2
6 0 0 0 .  258. 2 6 3 3 .  0 . 0 8 5 0 9
6 5 0 0 .  275, 2 8 53 .  0 . 0 9 0 7 0
7 0 0 0 .  320. 3 0 72 ,  0 . 1 0 5 5 4
U L T l ' ^ r E  S T R E N G T H  a 3 1 16 .  < LBs/sG'. IN. )
------ ; t r o n E m o . 7- - - — - - - - -
AR EA  ■ 1 , 5 0 4  X 1 . 5 2 5  S o . I N ,  L E N G T H  a 2 . 9 5 7  IN.
NO Or R E A D I N G S  a 10 M A X I M U M  L O A D  * 5 4 0 0  LBS.
L O a O ( L B ) D E F O R M , (THSIN) S T R E S S (L B / S Q I N > •STRAIN* I N/IN )
50 0, 1 . 218, 0 , 0 0 0 3 4
1000, 21. 436, 0 . 0 0 7 1 0
1 5 0 0 , 42. 654. 0 . 0 1 4 2 0
2000. 80. 872, 0 . 0 2 7 0 52 5 0 0 , 94. 1 0 9 0 , 0 . 0 3 1 7 9
3 0 0 0 , 103, 13 08 . 0 . 0 3 4 8 33 5 0 0 « 112. 15 26 , 0 . 0 3 7 8 8
4 0 0 0 . 124. 1744 . 0 . 0 4 1 9 3
4 5 0 0 . 130. 1 9 6 2 . 0 , 0 4 3 9 6
5 0 0 0  • 152. 2180, 0 . 0 5 1 4 2
U L T I M A T E  S T R E N G T H  a 2 3 5 4 .  ( L B S / S Q . I N . )
------ ; T R O N E  NO. 8 ---- - - -
A R E A  a 1 . 5 3 5  X 1 . 5 4 2  S 3 . IN, L E N G T H  a 2 , 9 l 6  IN,
NO OF R E A D I N G S  a 11 M A X I M U M  L O A D  a 5900 L B S .
LOaO(LB) D E F O R M , ( T H S I N ) S T R E S S ( L B / S Q I N ) S T R A I N * I <7 IN)
503. 1 . 2 1 1 . 0,00034
1003, 1 1 . 422, 0.00377
1530, 23. 634 . 0,00789
2 0 0 0 . 73. 845, 0.025032503, 84. 1056, 0.C2881
3000. 90. 1267, 0.03086
3530. 98. 1479, 0.03361
4300, 105, 1693, 0 . 0 3 6 0 1
4500, 109. 1901, 0.03738
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5 3 0 0 #  116. 2 1 1 2 ,  0 . 0 3 9 7 85 5 0 0 .  124. 2 3 2 4 ,  0 . 0 4 2 5 2
U L T I M A T E  s T r E M G t H ■ 2 4 9 3 ,  ( L B s / s G . I N . )
 - - - - -   T R O N E  NO. 9 - - - - - - —
A R E A  * 1 . 5 2 9  X 1 . 5 4 5  S O . I n . L E N G T H  s 2 . 9 9 0  lK|. 
NO OF R E A D I N G S  * 14 M A X I M U M  L O A D  ■ 7 4 3 0  LBS.
L 0 a D < L 8 ) D E F O R M , ( T H S I N ) S T R E S S (L 8 / S Q I N ) s t r a i n < IN/IN  )
500, 1 . 212, 0 , 0 0 3 3 3
1000* 17. 423, 0 . 0 0 5 6 9
1 5 0 0 , 35. 635. 0 . 0 1 1 7 1
2000, 92. 847. 0 . 0 3 0 7 72 5 0 0 , 111. 1 0 5 8 , 0 . 0 3 7 1 2
3 3 0 0 . 123. 12 7 0 , 0 . 0 4 1 1 43 5 0 0 , 128. 1 4 8 2 , 0 . 0 4 2 8 1
4 0 0 0 , 132, 16 93 . 0 . 0 4 4 1 54 5 3 0 . 140. 1 9 0 5 . 0 . 0 4 6 8 23 3 0 0 . 147. 2 1 1 7 , 0 . 0 4 9 1 65 5 0 0 . 155. 2 3 2 8 . 0 . 0 5 1 8 4
6 0 0 3 » 161. 2 5 4 0 . 0 . 0 5 3 6 56 5 0 0 . 170. 2 7 5 2 . 0 . 0 5 6 8 6
7 3 0 0 . 184. 2 9 6 3 . 0 . 0 6 1 5 4U L T I M A T E  S T R E N G T H  = 3 1 3 3 .  ( L B S / S Q . I N . )
------ 1 T R O N E  NO. 13 ---- - - -
A R E A  1 1 . 5 3 7  X 1 . 5 3 7  S O . IN, L E N G T H  > 3 . 0 2 1  IN. 
NO O F  R E A D I N G S  a 12 M A X I M U M  L O A O  ■ 6 5 3 0  LBS.
LO a D(LB) D E F O R M , ( T H S I N ) S T R E S S ( L B / S Q I N ) S T R A I N ( I\/ I N )
500, 1 . 216, 0 . 0 0 3 3 3
1000, 22. 432, 0 . 0 0 7 2 8
15 00 , 65. 648, 0 . 3 2 1 5 22 0 3 0 , 90. 863. 0 . 3 2 9 7 92 5 0 0 , 106. 10 79, 0 , 0 3 5 0 9
3 0 30 . 114. 1 295 . 0 . 0 3 7 7 4
3 5 0 0 , 120. 1 5 11 , 0 . 3 3 9 7 ?
4 3 00 . 128. 1 7 27 . 0 . 0 4 2 3 7
T-1759 168
45??. 135, 1943. 0.24469
5300. 140. 2159. 0.04634
5500, 146. 2375, 0,04833
6300 • 157. 2590, 0.05197Ul T!u ATE S T R E N G T H  = 2306. <L RS/SO.IN.>
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APPENDIX D
STRESS-STRAIN PLOTS FOR THE SEVEN 
ROCK TYPES DRILLED
The stress**strain data in Appendix C was plotted on a 
Houston DP-7 plotter to obtain Youngfs modulus for the rock 
types drilled. The following is a listing of these plots 
for the seven rock types listed in Table 3. Table 3 also 
contains the Young Modulus values obtained from these plots.
STRESS STRAIN PLOT
SANDSTONE #1RECTANGULAR PRISM
DIMENSIONS = 1.5650 X 1.5660 IN.HEIGHT - 3. 0840 i n .
61 .28  122.57 l'e3 .85  245. 14 3136.42 367.70 428.99 490



















































DIMENSIONS - 1.5640 X 1.5370 IN.HEIGHT = 3. 1000 IN.
i  -------'i~   ----------------1----------------- r -----------— T
1.00 70.65 141.29 211 .94 282.58 353.23 423.87 494.52 565























































DIMENSIONS = 1.5640 X 1.5710 IN.HEIGHT = 3. 0090 i n .
X
X
61 .81 123.63 185.44 247.26 309.07 370.09 432.70 494,
STRAIN-MICRO IN./IN. (X10s )
STRESS STRAIN PLOT
SANDSTONE *4RECTANGULAR PRISM










43 .00  64 .85  129.70 194.55 2^9.40 324.25 3b9.11 4^3.96 518.
STRAIN-MICRO IN./IN. (X10s )
T-1759 174
STRESS STRAIN PLOT
5 SANDSTONE #5RECTANGULAR PRISM














0 .00  64.24 120.49 1‘92 .73  2^6 .98  321.22 385.46 449.71 513





















































DIMENSIONS = 1.5050 X 1.5930 IN,HEIGHT = 2.9760 i n .
<S& 0 0  63.04 127.69 191.53 255.38 319.22 383.06 446.91 510.

















DIMENSIONS = 1.5670 X 1.5470 IN.HEIGHT - 3. 0750 i n .
®0.00 6 3 .09  1*26.18 189.27 252.36 315.46 378.54 441.63 T W
















































DIMENSIONS = 1.5840 X 1.5540 IN.HEIGHT = 3.0990 i n .
I. <30 66.47 112.94 169.41 225.58 282.36 338.82 396.29 451
STRAIN-MICRO IN./IN. (X106 )
T-1759 178
STRESS STRAIN PLOT
5 SANDSTONE #9RECTANGULAR PRISM
DIMENSIONS = 1.5800 X 1.5380 IN.HEIGHT = 2.8820 i n .
s.T
- K.®  pi
w  § 






^ . 0 0  54 .13  108.26 162.39 216.52 270.65 324.77 378.90




®. SANDSTONE #1 0RECTANGULAR PRISM




w  § I—I '




'STii 59.33 l'ia.66 177.99 237.32 296.65 355.98 416.31 474
STRAIN-MICRO IN./IN. (X10s )
T-1759 180
STRESS STRAIN PLOT
YULE MARBLE #1RECTANGULAR PRISM
DIMENSIONS = 1.5030 X 1.5450 INHEIGHT = 2. 9B20 i n .
X
X
®0.00 59.62 1*19.24 178.86 238.48 298.10 3 ^ 7 . “  ' ‘ 172 417.34 476.



















































YULE MARBLE #2RECTANGULAR PRISM
DIMENSIONS = 1.5840 X 1.5090 IN.HEIGHT = 3.0620 i n .
X
X
®B.O0 63 .36  126.71 190.07 2^3 .43 316.79 360.14 443. [50 506. £


















































YULE MARBLE #3RECTANGULAR PRISM

















^ ' . 0 0  67 .45  134.90 202.35 269.81 337.26 404.71 472. 16 539



















































YULE MARBLE #4RECTANGULAR PRISM
DIMENSIONS = 1.5070 X 1.5730 IN.HEIGHT = 2. 8200 i n .
00 59 .57  l ' l 9 . 15 170.72 230.30 297.07 357.46 417.02





















































YULE MARBLE #5RECTANGULAR PRISM
















®b.00 6 5 .e6 131.72 197.58 263.44 329.30 395.16 461.02 526.


















































YULE MARBLE #6RECTANGULAR PRISM













00 59 .23  l'lS .  46 177.6e 236.91 296.14 355.37 414.59 473.
STRAIN-MICRO IN./IN. (X106 )
T-1759 186
STRESS STRAIN PLOT
5 YULE MARBLE #7H RECTANGULAR PRISM
DIMENSIONS = 1.5000 X 1.4950 IN,HEIGHT = 2.9660 in.s
i
~ 8  
. gi.
I— !CO te.Q_ niCO
l2 3





.00 51 .25  1'02.50 153.74 204.99 256.24 3'07.49 353.73 409.



















































YULE MARBLE #8RECTANGULAR PRISM
DIMENSIONS = 1.4880 X 1.4650 IN.HEIGHT = 3.0100 IN.
*%'. 00 44 .19 88 .37  132.56 176.74 220.93 265.12 309.30 353














































®. YULE MARBLE #9RECTANGULAR PRISM
DIMENSIONS = 1.5500 X 1.5300 IN.HEIGHT = 3.0400 in.
X
X
<s6700 49.01 90.03 147.04 196.05 245 .07 2 94 .0e 343.09


















































YULE MARBLE #10RECTANGULAR PRISM
DIMENSIONS = 1.5110 X 1.5040 IN.HEIGHT - 2.9340 in.
® 0.00  46.01 92.02 130.04 184.05 230 .06 276.07 322.09 363.












J LEADVILLE LIMESTONE #1h RECTANGULAR PRISM






























125.43 188.15 250.97 313 .58 376.30 439.02














































LEADVILLE LIMESTONE #2RECTANGULAR PRISM













































00 60 .90  121.80 182.70 243.60 304.50 365.40 426.30 487.




















































LEADVILLE LIMESTONE #3RECTANGULAR PRISM
















































5*1 12 102.24 153.37 204.49 255.61 306.73 357.86 408.9
STRAIN-MICRO IN./IN. (X10S )
ARTHUR LAKES LIBRARY,







fw w.Q  c—
*—X







LEADVILLE LIMESTONE #4RECTANGULAR PRISM


































00 81.45 162.91 244.36 326.81 407.27 488.72 570.18 651
















































LEADVILLE LIMESTONE #5RECTANGULAR PRISM


















































00 60 .04  120.09 180.13 240.18 300.22 360.26 420.31 480.


















LEADVILLE LIMESTONE #6RECTANGULAR PRISM







































0.00  68.53 H 7 .0 5  175.58 234. 11 292.64 351, 16 409.69 468.













































LEADVILLE LIMESTONE #7RECTANGULAR PRISM


































“i—  --------------- r—----------------- r— ----------------1-------  1--------------------- r
,00 74 .56 149.11 223.67 298.23 372.79 447.34 521.90 596

















LEADVILLE LIMESTONE #8RECTANGULAR PRISM












































“ fe'.ee 74 .52  149.04 223.56 298.07 372 .59 447. 11 521.63


















LEADVILLE LIMESTONE #9RECTANGULAR PRISM



































00 53 .32  116.65 174.97 233.29 291.61 349.94 406.26 466. 5c











































LEADVILLE LIMESTONE #10RECTANGULAR PRISM













































L00 68 .03  136.15 204.23 272.30 340 .38  4*08.46 476.53





















































DIMENSIONS = 1.5110 X 1.5360 IN.HEIGHT = 3.0020 in.
8
* ^ .0 0  55 .63 111.26 166.69 222.52 278.15 333.76 389.41 445.0






























































76.31 152.63 220.94 355.25 301.57 4^7 .33 534.17 61 5 . ;
































































00 64 .64  l'29 .2e  193.92 2^8 .57 323.21 3'87.8B 452.49 517.















64.50 96.87 193.740.00 32.29 129.16 161 ,,45 226.03




















































DIMENSIONS = 1.5000 X 1.4680 IN.HEIGHT = 2.9360 in.
44.96 e9.92 134.08 179.e4 224.00  269.75 314.71 359.6


















































DIMENSIONS = 1.5240 X 1.4950 INHEIGHT = 3.0320 in.
1*0.55 21 11 31.66 52 .77 63 .32 73.88 84.4300 42.




























































<sia. 00 51 .40  102.81 154.21 205.61 257.02 308.42 359.82 411






























































•42.52 eb .05  127.57 170 .10 212.62 255.14 297.67 340. i























®i3.00 61 .54  123.08 184.62 246.15 307.69 369.23 430.77




















































DIMENSIONS = 1.5370 X 1.5070 IN.HEIGHT = 3.0210 in.
00 5*1.97 103.94 lfe .9 1  207.88 2 5 9 .e5 311.e2 363.79 415.
STRAIN-MICRO IN./IN. (X105 )
T-1759 210
STRESS STRAIN PLOT
FREMONT DOLOMITE #1RECTANGULAR PRISM
DIMENSIONS = 1.5330 X 1.5040 INHEIGHT = 3.0350 in.
86.99 608.90 695.8.97 260.96 347.94 434.93 521.91
STRAIN-MICRO IN./IN. CX10s )
T-1759 211
STRESS STRAIN PLOT
?■ FREMONT DOLOMITE #2RECTANGULAR PRISM






























^ ' . 0 0  60.11 120.22 180.32 240.43 300.54 360.65 420.75 480
STRAIN-MICRO IN./IN. (X10s )
T-1759 212
STRESS STRAIN PLOT
2 FREMONT DOLOMITE #3RECTANGULAR PRISM






































®b'.00 91 90 163.60 275. 70 367.60 459.50 551,41 643.31 735.
STRAIN-MICRO IN./IN. (X106 )
T-1759 213
STRESS STRAIN PLOT
*5 FREMONT DOLOMITE #4RECTANGULAR PRISM







M 8 . &  c~ 
c—x
I—I 'CO £  CL -ICOCO






4a. 00 e4 .27  168.53 2S2.80 337.06 421 33 5I3S.60 5 8 9 .G6 674,

















































FREMONT DOLOMITE #5RECTANGULAR PRISM













































70.16 140.32 210.47 280.63 350.79 420.95 491 10 561 ,2



































00 STRESS STRAIN PLOTFREMONT DOLOMITE #6RECTANGULAR PRISM
DIMENSIONS = 1.5200 X 1.5310 IN.HEIGHT - 2. 9700 in.
xXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
®y.00 89.90 179.e0 269.70 389.60 449.50 539.39 629.29 719
STRAIN-MICRO IN./IN. CX10S )
T-1759 216
STRESS STRAIN PLOT
FREMONT DOLOMITE #7RECTANGULAR PRISM















175.84 263.76 351.68 439.60 527.52 615.44




5 FREMONT DOLOMITE #8h RECTANGULAR PRISM
DIMENSIONS = 1.5420 X 1.5210 IN.HEIGHT - 3.0100 IN.
§Jc—
8
X X X X X X X X X Xin x8eg cyl X®  «“ x
X xX X X
CO J2J XQ_ xi xCO XCO XLl! q  xCL ¥ xH: <q  x
X X X X
x X X X X X$
X
XXXXX
CM_ x N| X X X X
83 .00  30 .60  61 .20  91 79 122.39 1^2 .99 163-'59 214 .19




FREMONT DOLOMITE #9RECTANGULAR PRISM
DIMENSIONS = 1.5490 X 1.5640 IN.HEIGHT - 2.9360 in.
XXXXXXXX X X X X XX X X XX XXX XX X XX XXXXX XXX X XXXXX XX XXXXXXXXXXXXXXXX
^ ' . 0 0  98 .43  196.87 295.30 393.73 492. 17 590.60 689.03 7Q7,4
STRAIN-MICRO IN./IN. (X10s )
T-1759 219
STRESS STRAIN PLOT
 ̂ FREMONT DOLOMITE #10RECTANGULAR PRISM












ICOCO XLU ®  xQC 'O x
St  ©- xCO S3 x
XXXXXXXX^  xR X
Q- xT  xXXXXXXXXXX
^  00 70.49 1*56.90 235 47 313.96 392.45 470.94 549.43 6 2 7 .o





J OIL SHALE #1RECTANGULAR PRISM































®0.00 17.73 3^ .46  53.20 70.93 88 .66  106.39 124.12 141












OIL SHALE #2RECTANGULAR PRISM







































®b.0<a 1*8.23 36.67 i O a  7b. 34 91 .67  l'l0 .0 1  1*28.34 1*46.6:
STRAIN-MICRO IN./IN. (X104 )
T-1759 222





OIL SHALE #3RECTANGULAR PRISM






























^ 00 24 .09  49 .79  74.68 99 57 124.47 149.36 174.25
STRAIN-MICRO IN./IN. (X106 )




















OIL SHALE #4RECTANGULAR PRISM






























4 ^ 0 0  1*7.33 3*4.65 5*1.98 6*9.31 e6 .63  1*03.96 1 ’21 .29
STRAIN-MICRO IN./IN. (X106 )
X
738.61
STRESS STRAIN PLOTOIL SHALE #5
RECTANGULAR PRISM























X A rth u r lakes lib ra ry  












































OIL SHALE #6RECTANGULAR PRISM
DIMENSIONS - 1.5860 X 1.5730 IN.HEIGHT = 3o 1 460 in.
®ia.00 19.55 39.10 58.65 78.19 97.74 117.39 136.84 156,












































OIL SHALE #7RECTANGULAR PRISM

























^fe.00 14.72 29.44 44.15 58.87 73 .59  88.31 103.02 1 17 ,7*












































OIL SHALE #8RECTANGULAR PRISM




















































50 STRESS STRAIN PLOTOIL SHALE #9RECTANGULAR PRISM


























T-------------------------1-------------------  1------------------------ 1------------------------ 1--------------  1-------------------------1------------------------ 1
'0 .00 20 .99  41.97 62 .96  e3.95 1 04.93 1 25 .92 146.91 167. c























OIL SHALE #10RECTANGULAR PRISM
































00 16.22 32.46 48.67 64 .90  31. 12 97 .35  l ' l3 .5 7  129.80









































MANITOU DOLOMITE #1RECTANGULAR PRISM

























00 66 .93  133.86 200.79 267.72 334.66 401.57 468.50 535.4
STRAIN-MICRO IN./IN. (X10s )
T-1759 231
STRESS STRAIN PLOT
MANITOU DOLOMITE #2RECTANGULAR PRISM













































°b'.00 10.29 20.59 30. S8 41 IB 51 .47 61 77 72.06 82.36












































MANITOU DOLOMITE #3RECTANGULAR PRISM






























00 04 .27  168.54 252.01 337.00 421 35 505.62 589.89 674,







MANITOU DOLOMITE #4RECTANGULAR PRISM





C\1 A .<S CNl X
X
X





























Sa'.00 96.67 193.34 290.01 386.68 483.34 580.01 676.68














MANITOU DOLOMITE #5RECTANGULAR PRISM
DIMENSIONS = 1.5090 X 1.5200 IN.HEIGHT = 3.0610 in.
X
X







6 -  xCL nOi xCOCO XU! ̂














— :r— :—  3152.24 228.36 304.48 380 .59 456.71 532 .83
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